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ABSTRACT
Functional organization and neurotr<l.nsmiUer mechanisms of the cenlral
oesophagomotor pathway from the subnucleus centralis of the nuclclls tractus solilarii
(NTS.) to the compact formation of the nucleus ambiguus (AMB.) wcre investigated i/1
vivo in the anaesthetized rat and in vifro in a rat brainstem slice preparation. Techniques
utilized included micropneumophoresis, extra- and intracellular recording, neuronal
tracing and immunocytochemistry.
Results from neuropharmacological investigations indicate solitarial GABA
neurons exert a tonic inhibition of oesophageal premotor clements in the N'rs<.
Moreover, these GABAergic neurons are involved in pharyngoesophageal coupling of
primary peristalsis as well as generation of secondary peristalsis.
Activation of muscarinic cholinoceptors in the NTS. is necessary for gcncralion
of both fictive primary and secondary peristalsis. Such activation is functionallyconfincd
to ipsilateral AMB. motoneurons. The rat brainstem appca:s to lack excitatory
commissural connections between the oesophagomotor circuits in each hemi-medulla.
Results from in vivo and in vitro experiments demonstrate N'fS. premotoncurons
utilize an excitatory amino acid (EAA)-Iike substance, which activates N-mcthyl-D-
aspartate (NMDA) and non-NMDA receptor subtypes on AMBo neurons. Activation of
NMDA receptors is requirer for functional information transfer in this ocsophagomotor
pathway and, in tum, this system is dependent on the integrity of somatostatinergic input
originating from the NTS•.
iii
Apart from solitarial input, NTSe-AMB< synaptic transmission is subject 10
modulation by nicotinic cholinoceptor-mediated input originating from the zona
intermc.dialis rcticularis parvicellularis (ZIRP). By augmenting the depolarizing response
to glutamate and inhibiting nicotinic cholinoceptor-mediated excitation, somatostatin
presumably plays a critical role in oesophagomotor control at the AMB. level.
Taken together, the prescnt work lends strong credence to the hypothesized role
of the NTS,-AMB, projcction as the common premolar substrate of oesophageal
peristaltic control. NTS. premotoneurons are involved in initiating and organising the
sequence of peristaltic activity, whereas AMB< motoneurons are intricately involved in
modifying the final oesophagomotor output.
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Chapter One
INTRODUCTION
1.1 Swallowing and oesophageal peristalsis - an overview
Swallowing in both invertebrates (125,136) and vertebrates (7,21,47,140) is a
centrally programmed motor synergy of sequentially co-ordinated contractions and
relaxations of muscles in the upper alimentary tract which serve to propel ingested food
and drink from the mouth to the stomach (l5,21,41,42,47,96,102,1l9,122,140,142).
Swallowing can be divided into two main phases, viz, the buccopharyngeal (linguQ-o
palatal and pharyngeal) and the oesophageal stage (7,96), Though coupled during the
normal act of swallowing, these two stages may operate independently of each other
under certain conditions, particularly when oesophageal peristalsis is initiated by
distention of the oesophagus. They are therefore thought to be controlled by two distinct
components of the neural pattern generator for swallowing, Since relaxation of the lower
oesophageal sphincter occurs shortly after initiation of the buccopharyngeal but well
before the oesophageal stage, it is generally considered an entity separable (rom the other
stages of swallowing and subject to a central control mechanism of its own.
Currently available neuroanalomical and pharmacological evidence, mostly
obtained from the rat (2,6,10,28-30,70,72,103-106), suggests that the medullary circuitry
controlling the oesophageal stage is less complex than that controlling the
buccopharyngcal stage. However, the movements of the oesophagus are actually quite
intricate for they must coordinate with movements of both the buccopharyngeal stage and
the lower oesophageal sphincter so as to propel material to the stomach and at the same
time prevent reflux of corrosive gastric contents. Thus, tile neural network organising
oesophageal motility provides a system witll a desirable degree of simplicity, yct enough
complexity to challenge those neurobiologists who attempt to uncover the mecllanism by
which networks generate behaviour in mammals. Within the last ten years, substantial
progress has been made in elucidating the brainslem network controlling ocsophageal
motility. These advances have been reviewed in depth by several authors
(30,41,42,83,143,161,202). Therefore, this dissertation will not attempt a survcy or the
extant literature but limit itself to contemporary concepts of brainstem control
mechanisms governing oesophageal motility following a brief account of some general
features of oesophageal movement.
i. Oesophageal peristalsis: The basic pattern of oesophageal movement is
characterized by a propulsive contraction of tile oesophageal musculature propagating in
the aboral direction, a pattern generally described as peristalsis (41 ,42,83,140,143,161).
Meltzer distinguished primary from secondary peristalsis according to thc mode of
initiation (134), Primary peristalsis ensues during the act of swallowing, i.e. rcprc.'lCnl~
the oesophageal component of swallowing (41,133,134,143,161). Though triggered by
the swallowing act, primary peristalsis does not always follow buccopharyngcal
deglutition in a 1: I ratio. When swallows are elicited in quick succession, oesophageal
peristalsis will only occur after the last swallow is completed (133). This phenomenon
is known as 'deglulitive inhibition of the oesophagus' (76,77,192).
Secondary peristalsis is independent of swallowing but elieilcd by distention of
lhe oesophageal wall (134). Both primary and secondary peristalsis are dependent on a
central conlrOl mechanism for bolh are abolished by bilateral vagotomy
(l9,41,134,140,IS8,161).
There is yet another type of oesophageal peristalsis termed 'Iuriary'
(19,41,161,162) or 'QlllolIOmolll' ptristtdsil (41,161), which occurs only in the smooth
muscle containing portion of the oesophagus. Unlike primary and secondary p..~ristalsis,
this type of activity is not dcpendcnt on a central mechanism, i.e. it can be elicited in the
absence of extrinsic inncrvation.
ii. MIlSClllallln of,11t mammalian o#!sophaglls: The mammalian oesophageal
body possesses two main muscle layers comprising the tunica muscularis propria (fMP)
and the tunica muscularis mucosae (TMM). The TMP is arranged in two layers
containing both striated and smooth muscle. Fibers of the outer layer run predominantly
in the longitudinal axis, whereas those of the inner layer have mainly a circular
orientation. The proportion of these two muscle types varies widely between species.
In the dog, sheep and rat, nearly the entire TMP is made up of striated muscle fibers
(41,141,161). In other species such as the cal, opossum and human, striated muscle
predominates only in tI e proximal oesophagus. Distalwards this gives way to smooth
muscle such that in the thoracic and remaining distal oesophagus, the TMP in the
opossum and human is composed entirely of smooth muscle (41,141,161).
lying between the TMP and mucosa, the TMM is made up of bundles of
obliquely oricnted smooth muscle fibers throughout the length of the oesophagus. In the
rat, the TMM is capable of &enerating longitudinal and transverse tension and may
therefore maintain inlraluminal pressure ill '1m.
iii. Inntn'(J/;on of lilt otsopllagus: Oesophageal afferents, regardless of their
originJ from either striated or smooth muscle scgmenu, travel in the eervic:l.1 var;altrunk
and superior laryngeal nerve. (SLN) (2,9,30,41,161). In the mooulla they tennjnatc in
a very discrete portion of the nucleus of the solitary tract (NTS), termed subnucleus
centralis (NTS,) in the rat (2,9). The tcrminOllion liclli within the NTS. has a limitl..'d
topographic distribution, in that fibers arising from more proximal levels of the
oesophagus project to more rostral parts of the subnucleus (2). In addition, a portion of
oesophageal afferents lermina1e in the spinal cord via lower cervical and upper lhoracic
dorsal root ganglia (24,25,65,73). This non-medullary projcclion may be involved in
mediating pain of oesophageal origin. Its role in the regulation of oesophageal motility
remains to be determined.
The efferent motor innervation of the oesophagus differs according 10 the type of
muscle supplied. In the rat, neurons innervating lhe strialoo portion have been
demonstrated both anatomically (6,10,28) and physiologically (6,105) to oceupy the
rostrAl nucleus ambiguus (AM B), representing the compact fOl'maticn of the nucleus
ambiguus (AMB.) (10). The projection of these AMB.: neurons shows a crude rostra--
caudal organotopy (to). Axons of AMB. ocsophagomotor neurons exit through the vagal
trunk and two of its major branches. the superior laryngeal and recurrent nerves (10).
Their terminals do not synapse on cells of the myenteric plexuses lying between the two
muscle layers but end direclly on striated muscle cells (arming a nicotinic cholinergic
synapse similar to the endplate of skeletal muscle libers (41,140,161). Thus, peristalsis
occurring in this ponion is thought to be entirely dependent on the commands
programmed wilhin the lower brainstem (4t,t40,161).
Smooth muscle of the oesophagus, like that elsewhere in the digestive tract, is
innervated by the parasympathetic visceromotor pathway. Preganglionic cell bodies
presumably lie in the medulla within the dorsal motor nucleus of the vagus (DMV)
(41,195,161), whose axons travel to the oesophagus in the vagal trunk. However, they
do not synapse directly on the muscle cells but are relayed by neurons of the intrinsic
plexuscs. In the rat, these parasympathctic postganglionic cells are only present in the
myenteric plcxus (196). Postganglionic fibers from these plexuses in tum innervate the
smooth muscle layers. Peristalsis of the smooth muscle portion of the oesophagus is
therefore subjcct to a mechanism of integrated central and peripheral control
(41.140,161). In addition, the oesophagus also receives sympathetic innervation (41)
(relatively sparse in the rat (203». lis origin, distribution and physiological function,
however, remain unclear.
Since peristalsis of the striated musculature of the oesophagus, unlike that of the
smooth muscle ponion of the oesophagus, is entirely dependent on central efferents, it
is advantageous to investigate central mechanisms serving oesophageal peristalsis in
animals in which peristalsis is effected chieny by striated muscle. The rat may be such
a species. Its oesophageal peristaltic activity is abolished following pharmacological
blockade of nicotinic synaptic transmission at the neuromuscular junction, but unaffected
by peripheral muscarinic cholinoceptor blockade (Lu and Bieger, personal
communication). The following sections will address recent concepts regarding the
centr.al organi1.2tion of motor output to oesophageal striated muscle. No attempt will be
made to deal with the topic of intrinsic neural control of smooth musck: peristalsis.
1.1 Central control or the oe:sophaceal pr:ristaisis
Since the last c::enlury, the central control of swallowing in general. and
oesophageal peristalsis, in partic::ular, has been the subject of scientific research. Thc::se
studies have gone through several discernible but overlapping cJL:pcrimcntal slages.
1.1.1 Emergence oj file neuronal network paltern generator arganizing the
oesophageal peristalsis
The initial experimental stage aimed to establish how the nervous system controls
the complete swallowing sequence and was dominated by two rival hypotheses. Thc first
po5tulates a nflu chain mechanism: -each motion of the pattcrn stimulates peripheral
receptors whose afferent impulses trigger the next motion- (140). The second hypothesis
holds that the swallowing sequence is regulated in tolo, independent of sensory inputs,
by a specific g1'OUp of neurons tenned wrttr by earlier .....orkers (47), but now more
commonly referred to as wllral pollem g,,,,roIor (CPO) (21.41,95,96,140.143).
Evidence accumulated in TtteIlt years favours the lattcr hypothesis as far as
buccopharyngea1 swallowing is coocemed. During reflex swallowing in thc dog, cat
(48,139,141) and rabbit (178), the basic 5<:quence of motoneuronal activation rcmains
essentially unchanged following either physically or pharmacologically induced sensory
deafferentation. Moreover, swallowing related unit activity of NTS intemcurons
recorded both in sheep and rats persists aner curarization of the animal (94,105).
Evidence supporting the existence of a CPO for oesophag~ peristalsis comes
largely from oesophageaJ transection studies. Mosso (cited from ref. 140) and Meltzer
(133) initially showed (hat oesophageal transection did not completely SlOp the
progression of primary perislaltic contractions of the oesophagus in the dog, suggesting
that oesophageal peristalsis is due 10 a central m'eChanism, which, once initiated, could
run its entire course without additional afferent input. This finding was later
substantiated by oesophageal transection and bolus deviation at different levels of the
oesophagus pet formed on several species including rabbit, opossum and rhesus monkey
(90).
More direct evidence for the existence of an oesophageal CPG was provided by
the work of Roman (160), in which the central end of the vagus was used to reinnervate
the sterno-mastoid muscles in sheep and monkey. From this study, Roman demonstrated
that activity of the vagal efferents to the oesophageal muscles occurred sequentially in
both the striated and smooth muscle portions during both primary and secondary
peristalsis. Roman and Tieffenbach (162) also demonstrated in the baboon that primary
peristalsis of the smooth muscle portion persisted after paralysis of the upper cervical
striated muscle portion with curare. In addition, microelectrode recordings from
medullary neurons indicate that oesophageal related activity of NTS intemeurons persists
after curarization of the animal (94,161). Taken together, these findings provide strong
evidence supporting the idea that oesophageal peristalsis, like buccopharyngeal
swallowing, is governed by a CPG network, which is able to organize the motor
sequence of peristalsis in the absence of afferent inputs.
In contrast to the above, work from Longhi and Jordan (120) has ehal1engcd the
concept of a CPO organiz.ing oesophageal peristalsis. They found that in the dog, the
presence of a bolus in the oesophagus is required to maintain primary peristalsis.
Deviation of the bolus from the oesophagus by means of an oesophageal cannula or
oesophagotomy abolished all oesophageal peristaltic activity below the level of the
deviation. Janssens and his colleagues (9t,92) confirmed this result and further
concluded that afferent feedback due to the presence of a bolus was ncecss.uy at the
cervical level but not at the thoracic level of the oesophagus.
Thus, while it is generally agreed that oesophageal peristalsis, bc it primary or
secondary, is centrally mediated. the requirement of peripheral input originating from the
oesophagus itself remains equivoca1. For this reason, brainstcm ocsophagomotor
circuitry is more suitably referred to as a neuronal network pattern generoJor (NPG).
This term may be used to denote a neuronal pattern genemting network so strongly
influenced by afferent feedback that functional unity of the generator is disrupted by the
deafferentation.
1.2.2 Analom;callocaJ;on oj the NPG Jor oesophageal pen'stals;s
The s<xond research phase continues to this day with attempts to determine the
location of the oesophageal NPG and to map synaptic connectivity within the circuit.
The organization of oesophageal peristalsis is thought to take place within a swallowing
center (41,140,143,161). Since the pioneering work of Meltzer in 1899 (133), Ishihara
in 1906 (cited in ref. (49)) and Miller and Sherrington in 1916 (138), the S(~rch for such
a center has intrigued many investigators and has been approached by a variety of
strategies including brain transection, lesioning, electrical and chemical stimulation,
pathway tracing and microelectrode recording.
Earlier studies employing brain transections and lesions (46,138) (see also ref.
(15» showed that structures responsible for generating the basic motor pattern of
swallowing lie within the rhombencephalon, especially within the medulla (for review see
(140)). This assumption has now been generally accepted
(7,21,41,42,47,79,96,140,142,161). However, to date, the precise localization of the
swallowing center remains unsettled.
On the basis of lesion experiments on the dog, cat and macaque, Doty et al. (49)
localized the center to a region of the pontine and medullary reticular formation
extending from the rostral pole of the inferior olive to the posterior pole of the facial
molor nucleus. Because the lesion itself can cause irritable foci or disrupt connections
belween components of the circuitry and fibers of passage instead of damaging the
"center", results from such studies must be interpreted with caution.
Jndccd, systematic exploration of the medulla by means of electrical stimulation
bolh in the sheep (20), dog (146) and rat (105) failed to confirm DOlY'S interpretation.
Instead, through microelectrode recordings of swallowing related unit activity in the
medulla and pons of both sheep (94) and rats (l05), the NTS has emerged as the
principal neural substrate involved in the organisation of swallowing.
Based on experiments in sheep, Jean (94) classifies swallowing related neurons
into a dorsal and .. ventral group. The former contains neurons located in the NTS and
the adjacent reticular formation, whereas the Jatler includes neurons in the lateral
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reticular formation near the AMB. Both groups contain so-called "early· neurons, which
fire before or during the buccopharyngeal stage, and "latc" and ·very latc" neurons,
which discharge during the cervical and distal oesophageal contractions, respectively .
.an further proposes that the dorsal gruup of neurons executes overall dcglutitive
programming. The venlral group performs a 'switching' function, in thaI its neurons
receive inputs from the dorsal group and distribute commands to individual molor nuclei.
With regard to the oesophageal NPG in sheep, oesophageal neurons are located
in the medial part oflhe NTS. Lesioning this region selectively impairs the oesophageal
stage of swallowing evoked by electrical stimulation of the ipsilateral SLN (93). Thus.
Jean's work provides evidence consistent with the assumption that two NPGs arc present
within the 'swallowing center', one for the buccopharyngeal, the other for the
oesophageal stage of swallowing; the latter within the medial part of the NTS in shecp.
Nevertheless, it should be noted that an oesophagea1·modulatcd pallern of unit activity
is not suffieient to demonstrate involvement in pattern generation. Conceivably, these
neurons may be involved merely in the coordination of the ingestive synergy and olher
brainstem functions such as breathing, coughing and chewing. Similarly, loss of the
oesophageal stage caused by lesioning the medial part of 'he NTS may not necessarily
signify destruction of the oesophageal NPG, but might merely renect deafferentation.
More recently, Bieger (6,68-70) employed chemical microstimulation and
neuronal tracing techniques to explore the NPG for swallowing and oesophageal
peristalsis and to elucidate its structural and functional organization in the rat.
Progressively refined chemical microstimulation techniques applied in these studies
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enabled deglutilive loci to be mapped in the rat medulla oblongata on the scale of 50-70
pm. These investigations furnished new evidence indicating that this nucleus plays an
important role in programming motor sequences of swallowing as well as oesophageal
peristalsis (7,68). Moreover, these studies have strengthened the view that the NPG for
swallowing can be divided into two sub NPGs governing the buccopharyngeal and
oesophageal stages. Direct chemical microstimulation with glutamate of structures within
the confines of the NTS gives rise to either complete swallows or their constituent stages,
depending upon the site of stimulation within this complex.
The first extensive map of medullary substrates which make up the oesophageal
NPG in the ral emerged from the work of Bieger (1984) (6). This study demonstrated
that pressure ejection of glutamate or ACh in a very circumscribed area in the medial
NTS, a region which was subsequently termed the central subnucleus of the NTS (NTS.)
(163), evoked isolated oesophageal responses. Moreover, neurons in this area were
shown to projcct directly to the region of the ventrolateral medulla known to contain
oesophageal motor neurons, i.e. the AMB. (10). This study provided a neuroanatomica1
frame of reference for further investigations into the central NPG for oesophageal
peristalsis and stimulated pharmacological (68-71) and anatomical interest in this region
(2,28,29,31,72).
Data accumulated from recent electrophysiological and neuroanatomical studies
thus far have supported the hypothesis (6) that NTS, neurons in the rat are
prcmoloneurons (-interneuronal elements forming an intrinsic part- (7) of the
oesophageal NPG. First, microelectrocle recordings in the rat reveal that the NTSc region
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contains neurons whose activity is phase-locked with oesophageal peristalsis (105),
Second, the NTS. not ')nly projects directly to the AMB, (6,28.163).lhe oesophagomolor
portion of the AMB (10), but also receives oesophageal primary afferent input (2,9).
Finally, activation of muscarinic cholinoccptors associated with the NTS< evokes
rhythmic oesophageal contractions resembling secondary peristalsis (6,69,70). Thus,
currently available evidence supports the presence of two neuroanatomically defined
oesophageal NPGs, onc on each side of the brainstem, in which NTS, neurons receive
oesophageal primary afferents and in turn project to AMB, neurons, the sole group of
motoneurons innervating the striated muscle of the oesophagus. Many questions with
respect to the functional organization of lhe oesophageal NPG remain such as how
synchronized activity of the left and right NPGs is accomplished and how activity is
coordinated with that of the bnccopharyngeal NPG,
As regards buccopharyngealloci within the NTS, chemically excitable substrates
are coextensive with the subnuclei intermedialis (NTSi) and ventralis (NTS.) in the rat
(6,68-70), These subnuclei overlap with regions where early (buccopharyngcal)
swallowing related unit discharges are recorded (l05). In addition, neuroanatomieal
tracing studies indicate that the NTSi overlaps with termination fields of buccopharyngeal
afferents (2) and projects directly to all buccopharyngeaJ molor nuclei (68,72) consistent
with work by Travers (190) and Travers and Norgren (191). Since both oesophageal and
buccopharyngeal premotoneurons in the NTS appear to project directly 10 their
corresponding motoneurons, the physiological relevance of deglutilive Cswitching')
inlemeurons within the ventral reticular formation (94, 105) remains questionable, at least
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in the rat.
1.1.3 N~urophamrac%gy ofoesophageal peristalsis
The most recent phase in the analysis of the NPG for oesophageal peristalsis
concerns the characterization of underlying transmitter processes with the use of
pharmacological tools. Employing focal chemostimutation, one can induce the complete
sequence of swallowing or ilS component buccopharyngeal and oesophageal stages via
activation or inactivation of specific receptor systems in the anaesthetized rat (7). Rieger
(7) conceptualized such drug-induced swallowing and oesophageal peristalsis as ~ficlive
swallowingM and ''fictive oesophageal peristalsis·, respectively, because of their
autorhythmicity and occurrence in the absence of stimulation of sensory input from the
upper alimentary tracl. Pharmacological selectivity in evoking components ofswallowing
provides direct clues 10 the synaptic mediators used by the NPG.
Moreover, since drugs may be applied by bath perfusion to in vitro preparations,
as well as administered centrally to specific brain regions of intact animals, such studies
provide an important bridge between reduced and intact animal preparations. Therefore,
a great deal has been learned from the pharmacological study of the NPG far swallowing
and oesophageal peristalsis (4-8,68-71,79,103,104,106,183,184). More specifically,
these studies provide important clues to the neurotransmitter mechanisms associated with
the NPG at both the NTS premotor and the AMB motaneuronal levels.
I. PutoJive IronrmiJter substances asrocloJed wiJh premotoneurons in the NTS
A. Excitatory mediators operating at NTS. oesophageal premotoncurons:
Studies of the neuropharmacology of the NPG for oesophageal peristalsis at the NTS
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level began with the work of Bieger in 1984 (6). This work revealed the considerable
importance of central muscarinic cholinoceptor·mediated proct:sscs in the cOOlro) of
oesophageal peristalsis. Thus, surface application of muscarinic agonisis 10 the NTS or
ejection of the same agonists from micropipettes at intrasolitary loci overlapping with the
NTS. gives rise to rhythmic peristaltic contractions of oesophageal striated musculature
unaccompanied by consistcnl buccopharyngeal activity (6). Since the overall pattern of
the muscarine-induced oesophageal response resembles secondary peristalsis, it may be
defined as fictive secondary peristalsis (7). Moreover, oesophageal components of both
fictive and reflex swallowing are readily suppressed following intravenous administration
of antimuscarinic agents such as scopolamine, a tertiary compound which is capable of
crossing the blood-brain barrier (6). The quaternary compound methscopolamine is also
effective, but the concentration required is 10 times larger than that of the tertiary parent
compound scopolamine (6). These findings provide strong support for the hypothesis that
central muscarinic activation is necessary for generating the neural impulse pattern
required for oesophageal peristalsis. It is relevant to note that in other species, including
cat (158), opossum (155) and human (155), oesophageal activity is also suppressed by
systemic administration of muscarinic cholinoceptor antagonists. This effecl has been
attributed solely to a blockade of peripheral oesophagomotor nerves, although in another
human study, the incidence of primary peristalsis is markedly reduced following
intravenous injection of atropine (45). It now seems necessary to reevalualc this view,
since the contribution of central muscarinic blockade in these studies may have been
overlooked.
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Although a recent immunohistochemical study reveals that the NTS< is densely
supplied with choline-acelyltransferase (ChAT) immunoreactive terminals (164), the
source of this cholinergic input remains unclear. One possibility is that oesophageal
primary affcrcnts are themselves cholinergic (55,154,185).
In f1.ddition to ACh, the work of Bieger (1984) (6) and that of Hashim and Bieger
(1989) (70) suggests that a glutamate-like substance, i.e. an excitatory amino acid (EAA),
operates at the premotoncuronaJ level within the NTS. These studies indicate that the
EAA input is mediated through activation of different EAA receptor subtypes at different
N'fS dcglutitive loci. Thus, N·methyl·O-aspartate (NMDA) is more potent than other
selective EAA agonisls such as kainate and quisqualate when directly ejected at the
oesophageal locus in the NTS<, suggesting the preferential association of the NMDA
receptor subtype with oesophageal premotoneurons. Consistent with this observation, the
selective NMDA receptor antagonists 2~amino~5~phosphonovaleric acid (APV) and 2~
amino-7-phosphonoheptanoic acid (AP-7) reversibly block oesophagomotor response
evoked from the NTS< by glutamate (70).
8. Excitatory mediators operating at NTS pharyngeal loci: In contrast, kainic
acid (KA) is most potent at pharyngeal loci in the NTS1and NTS. (70). Moreover, the
glutamate-evoked pharyngeal response elicited at these loci is blocked by non~selective
BAA antagonists, bUI not APV and AP-7, a finding which has been corroborated by
Kessler and Jean (104). Thus, these data are consistent with an association of non-
NMDA subtype BAA receptors wilh the pharyngeal loci within the NTS. It should be
noted Ihal the preferential sensitivity of NTS pharyngeal loci to KA does not exclude
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involvement of NMDA receptors in generating deglutitive interneuronal cllcitalion
directed to pharyngeal motoneuron!. In fact, Jean and his co-workers recently suggested
that in the NTS NMDA receptors may be critically involved in the rhylhmogcnesis for
buccopharyngeal swallowing (182-184).
Besides ACh and EAA, severnl other chemical mediators, such as serotonin
(5,7,11,12,69), noradrenaline (7,11), dopamine (4,8,11), thyrotropin-releasing hormone
(7), vasopressin (7) and oxytocin (7) are implicated as excitatory transmitters associated
with the NPG for buccopharyngeal swallowing within the NTS. When applied \0 the
extraventricular surface of the NTS or directly ejected at NTS loci, these subslanccs
evoke or facilitate the buccopharyngeaI component of swallowing activity in the rat.
However, unlike ACh and NMDA, none of these agents exerts preferential action on the
oesophageal stage. (for review see (7».
C. Inhibitory mediators operating at the NTS deglulitive loci: At thc present
time, very little is known about inhibitory inputs to the oesophageal NPG, though several
putative transmitters are implicated as inhibitory mediators of the buccopharyngcal NPG.
Preliminary studies from this laboratory suggest GABAergic involvement in the control
of buccopharyngeal swallowing. Thus, both fictive and renex swallowing is completely
abolished by application of the GABA" receptor agonist, muscimol (14,175), to the
ventricular surface of the NTS (Bieger, in preparation). Moreover, intravenous injection
of diazepam, a drug which enhances GABA,,-mediated inhibition (14,175), inhibits renex
swallowing in the cat (Hockman and Bieger, unpublished manuscript). These results
suggest that central GABAergic synapses may play important roles in the generation of
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swallowing.
In addition, S·HT and noradrenaline inhibit reflex swallowing when injected
directly in the NTS at large doses (30-SO nmol) (103,106). However, as mentioned
above, oven stimulation of swallowing activity is observed when these drugs are given
topically to the dorsal surface of the tITS (7) or directly to the NTS1at doses two orders
of magnitude lower (69). In addition to differences in methods of drug application and
dose, involvement of different receptor subtypes in mediating these deglutitive actions
may contribute to the controversy, at least insofar as 5·HT is concerned (12).
Although stimulation of swallowing has been found following direct injection of
O·ala1·met enkcphalin·amide into the lateral cerebral ventricle (51), inhibition of
swallowing by opioids has also been reported. Thus, following intravenous applications
of nonpeptide opioid agonisu (135) or topical applications of opioid peptides 10 Ihe
e.xln.venlricular surface (1), fictive swallowing is inhibited.
ii. Pulative IlTI.nnniller substalltts acting al oesophageal molOlltuf'Ons I'll the AMB
The study by Sieger in 1984 demonstrates lhat both ACh and glutamate, when
pressure-ejected in the rostral portion of the AMB, an: capable of producing short latency
oesophagomotor responses, suggesling that these two substances may function as
mediators acting on the AMB. oesophageal motoneurons (6). The ACh·induced response
from Ihe AMB., unlike that evoked from the NTS" is scopolamine-resistant, implying
a nicotinic mechanism. The presence of nicotinic cholinoceptors within the AMB
(179,197) is consistent with this result. However, ACh does not appear to be the
primary transmitter of the NTS. neurons projecting to the AMB. since the presence of
18
the cholinergic marker enzyme in the NTS. cell bodies can not be demonstrated by
ChAT-immunocytochemistry (164,181). Nonetheless, the presence of ACh receptors in
the ambigual complex and the ability of ACh 10 excite AMB. neurons suggest thai ACh
functions to modulate the final oesophagomolor output at the AMB._
Unlike ACh, glutamate or aspartate is a plausible candidate as primary Iransmiller
mediating the solitario-ambigual oesophagomotor pathway because EAAs are thought to
mediate synaptic transmission at most central excitatory synapses (27,130,205). More
to the point, EAAs are implicated as transmitters at premoloneuron-moloncuron synapses
elsewhere (67,74,101,111,118,151).
In addition to the above-mentioned transmilters, two peptides, somatostatin (SST)
and enkephalin, have Deell identified in NTSc neurons projecting to AMB< motoneurons
(28,31). The association of SST with this pathway is of particular interest because SST
inhibits cholinergic (84,88,145,200), but facilitates glutamate (43,85) responses
elsewhere. Conceivably, SST could exert a differential action in modulating excitatory
inputs to the AMBc ' thereby playing a major role in generating oesophageal peristalsis.
With regard to enkephalin, while most studies in the central nervous system have
suggested that it acts to reduce neuronal excitability (148), its role in oesophageal
peristalsis remains unclear.
1.3 Rationale and objectives
The foregoing account summarizes current concepts regarding central control of
oesophageal peristalsis. At this point, at least two components of the .90slulatcd
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brainstem NPG for oesophageal peristalsis can be identified anatomically I viz.
oesophageal secondary sensory neurons (premotoneurons), constituting the NTS< and the
monosynaptically connected oesophageal motoneurons of the AMB, innervating striated
muscles of the oesophagus.
ACh and an EAA are major transmitter candidates in the NPG. They act both
at the level of the NTS< as well as the AMBo> Another potentially important putative
mediator is SST I which is present in NTS, neurons projecting 10 AMB, motoneurons,
where it may interact with the aforementioned transmitters.
There are still wide gaps in our knowledge that obviate a thorough understanding
of the chemical signalling processes by which the brainstem NPG initiates oesophageal
peristalsis. First, there is no concrete information concerning me role of a central
inhibitory process in the generation of oesophageal peristalsis. However, inhibition is
considered a prerequisite mechanism for generation of neuronal patterned activity. We
know little about mechanisms by which oesophageal peristalsis is coordinated with
buccopharyngeal swallowing and is inhibited when swallows occur in quick succession.
Second, little is known concerning the manner by which the two oesophageal NPGs, one
on each side of the brainstem, generate synchronized bilateral activity in oesophageal
motoncurons during peristalsis, and the extent to which activity on one side is dependent
on that of the other. Third, solitario-ambigual projection neurons in the tITS. are
thought to be oesophageal premotoneurons involved in generating the motoneuronal firing
pattern underlying oesophageal peristalsis. However, how commands generated in NTS.
neurons are relayed to AMB., motoneurons and what transmitters are involved in
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mediating solitario·ambigual synaptic transmission remain unknown. Finally, Ih~
multiplicity of inputs to the AMBo motoneurons implies that COlllllk" processing lakes
place at this level. To what extent oesophageal peristalsis is modified and shaped at the
motoncuronal level remains to be determined.
The present investigations are aimed at resolving three basic questions concerning
the manner in which oesophageal peristalsis is organized by the brainstCll1 NPG in the
rat. (i) Are oesophageal premotoneuronS subject to synaptic inhibition and if so. what
is the contribution of solitarial GABAcrgic neurons'J (ii) How afC prclIlolllllcuTOlml
impulses distributed to motoneurolls1 (iii) What transmillcrs lire utilized by ocsophagc:ll
premotoneurons1 In light of the evidence reviewed above. the following working
hypotheses are proposed:
A. Solitarial GABAergic synapses forlll nn inlrinsic componelll of Ihe NI'G
for oesophageal peristalsis. By interacting with olher lransmillcr·medilltcd
excilatory processes, Ihis GABAergic mechanism is critically involved ill lhe
organization of both primary and secondary perislalsis al the NTS, prellloloneurolllli
level.
B. Central ocsophagomotor drive inilialcd 1I11iraicrally from NTS, i~
distributed to AMB. moloneurons bilalcrally via COl1l1ulssuml or dCcllssliling
connections between the two halves of the brainSlem.
C. NTS. neurons utilize an EAA·like substance as trnnsmiller acting through
EAA receptors, which In turn are modulated by multiple neurochemical inputs from
both the solitary complex and the medullary reticular formation.
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Specific objectives:
First, a pharmacological approach is used to analyze the role of solitarial
GABAergic synapses in primary and secondary peristalsis, with particular emphasis being
placed on the contribution of this inhibitory system 10 pharyngo-.esophageal coupling and
dcglutitive inhibition of the oesophagus.
Second, oesophageal peristalsis triggered by unilateral central chemostimulation
is studied to determine if unilateral excitation of oesophageal premotoneurons is
distributed to both ipsi- and contralateral motoneurons.
Third, the involvement of an EAA transmitter in mediating NTS.-AMB. synaptic
transmission is examined in vivo. The approach employs micropneumophoresis of EAA
receptor antagonislS at the level of the AMB. with a view to inhibiting the
oesophagomolor response induced from the NTS.
Founh, to extend the investigation to the cellular level, an in vitro brainstem slice
is used to enable AMB. EPSPs 10 be recorded intracellularly in response to electrical
stimulation of NTS. efferent fibers, and to be pharmacologically characterized in terms
of receptor subtypes involved in generating the EPSP.
The fifth phase of investigations aims 10 determine the contribution of SST to
synaptic transmission from Ihe NTS. to the AMB,.
The sixth objective is to characterize the cholinergic mechanisms mediating
excitation of AMB. neurons in vivo. and in vitro, as well as to determine the source of
cholinergic afferents.
Finally. interactions between SST. EAA and ACh receptor-mediated inputs at the
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AMB. level are studied in the brainstem slice preparation and then corroborated in the
whole animal.
Chapter Two
Role of solltarial GADAergk mechanisms In swallowing
2.1 Introduction:
As centrally-programmed motor acts, oesophageal peristalsis and swallowing
presumably require both synaptic excitation and inhibition to ensure the timing and
coordination of motoneuron outputs. To date, several putative transmitters are implicated
in excitatory synaptic transmission at buccopharyngeal and oesophageal premotoneurons
(reviewed in ref (7». In particular, glutamate activates both the bucoopharyngeal and
oesophageal stages of swallowing (70), whereas, ACh exerts a selective action on the
oesophageal stage (6,70). In contrast, little is known about inhibitory processes operating
at both stages, although inhibitory mechanisms can be assumed to play an important role
in (i) the coordination of degJutitive motoneurons within each stage; (ii) the linkage
between the two stages and (iii) degJutitive inhibition of the oesophagus.
GADA is the principal inhibitory neurotransmitter at supraspinal levels of the
mammalian neuraxis (40,175) and is involved in the central control of locomotion
(67,176), respiration (56) and cardiovascular functions (113). Evidence for involvement
of GADA in deglutitive control is still fragmentary and in part based on pilot data from
this laboratory suggesting that muscimoi, a GABAA receptor agonist (40,168,175),
inhibits both fictive and renex swallowing, whereas picrotoxin produces the opposite
effect. Moreover, diazepam, which enhances GABAA-mediated inhibition (14,40,175),
inhibits the swallowing renex in the cat (Hockman and Sieger, unpublished manuscript).
2.
Similar observations have also been reponed in the dog (48). Thus, lite threshold for
evoking reflex swallowing by electric stimulation of the SLN is substantially incrcllscd
following low dose intravenous application of pentobarbital, which enhances GAI3AA
function. All these results suggest Ihat the NPG for swallowing is subject to inhibition
by a GASA... receptor·mediated mechanism. In light of nUlllerous irnmullochcmical
(99,123) and physiological (113) studies on the presence of GADA neurons in the NTS,
(u"her investigation into the role of solitarial GABA-crgic inhibitory mechanisms in
deglutitive control is clearly warranted.
In the present study, the selective GABA receptor agonist, mllscimol and the
selective antagonists, bicucullinc and picrotoxin (14,40,175), were used as loots 10
analyze the role of solitarial GABAcrgie synapses in deglutilion, wilh particular emphasis
on their contributions 10 the coordination of the buccopharyngcat and oesophageal slagcs
and the deglulilive inhibition of oesophagus.
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2.2 Methods:
Experiments were done on male Sprague-Dawley (Charles Rivers, Montreal) rats
weighing 250-450 g. Rats were anaesthetized with urethane (1.2 gIkg, Lp.) and then
tracheotomized. The right external jugular vein was cannulated for intnlvenous infusioo
of drugs. Submandibular glands were removed in len of the animals to minimize
salivation. The animals were then mounted in a stereotaxic frame.
Changes in intraluminal pressure within the pharynx and the oesophagus were
recorded by using miniature balloon-tipped catheters constructed with PE-90 polyethylene
tubing (6,69). These catheters were filled wilh water and each connected to a Statham
pressure transducer. Balloons were thickly coated with 2% xyloca.ine before being
inserted into the upper alimentary tract. As shown in Fig. I, to record the pharyngeal
swallowing response (P). one of the balloons was placed in the oral cavity, between the
palate and lhe dorsal aspect of the posterior longue. To record oesophageal responses,
two balloons were in~rted into the oesophagus, one in the cervical oesophagus (CEl,
placed at a position just below the pharyngo-oesophagea1 junction and one in the distal
oesophagus, positioned at the level of the diaphragm. Correct placement of the balloons
was ascertained by evoking reflex swallowing by intratracheal tactile stimulation. a
manoeuvre empirically used in this laboratory, although the neural mechanism subserving
this reflex remains unclear. Corresponding intraluminal pressures were recorded on a
6·channel-recorder (Grass polygraph). Respiratory ratc was derived from tidal pressure
fluctuations recorded by an air-lilted catheter inserted into the tracheal cannula. Re<:(a1
temperature was maintained between 37.S·38"C by means of radiant heat.
p ---'-----
CE~
DE~ ~lkPa3 s
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Figure 1. Diagram showing metnods used to record bolh spontaneous and evoked
swallowing and oesophageal responses. The anaesthetized rat is held in a stereotaxic
frame. Three water-filled balloons connected to pressure transducers are inserted into
the pharynx (P), the cervical oesophagus (CE) and distal oesophagus (DE), respectively.
Corresponding intraluminal pr~ssures are recorded on a polygraph.
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The caudal roof of the fourth ventricle and the surrounding structures of the
dorsal medulla were exposed through a suboccipital craniectomy and incision of the
atlanto-occipital membrane. Cerebrospinal fluid was drained continuously with a wick.
For electrical stimulation of the NTS, an insulated stainless steel monopolar
electrode with an exposed lip length of Jess than 0.3 mm was used. The electrode was
placed in the NTS with reference to previously determined coordinates and landmarks
on the dorsal medullary surface under visual control through an operating
stcrcomicroscopc (6). Stimuli consisted of repetitive square wave pulses of 0.3 ms
duration, )·8 Hz frequency and 1-3 V amplitude.
For chemical stimulation of swallowing loci in the NTS, both topical and
micropneumophoretic application of drugs were used.
For topical application of drugs, aqueous drug solutions were ejected onto the
dorsal extraventricular surface of the NTS from a microliter syringe fitted with a thin
flexible polyethylene catheter on the needle tip. The volume applied was kept within 0.2
pI, in order to minimize drug spread to the contralateral NTS.
For the pneumophoretic application of drugs, 4·barrel glass pipettes (tip o.d. 2-5
pill) were positioned in the NTS by 3. 3-dimensional hydraulic micromanipulator
(N:-:rishige MO-203). Drugs were ejected by means of a nitrogen-pressured
'Picosprit7.cr' pneumophoresis pump (General Valve Corporation). The volume ejected
with Co.lch pressure pulse was determined by measuring the diameter of the ejected
droplet with a miCroscope and kept in the range of 20·100 pI.
Swallowing loci were located by glutamate pulses (6-8 pmol) delivered from one
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barrel of the pipette. This protocol permits accurate localization of swallowing substrale5
associated with both lhe NTS and AMB (6.69,70). With respect to NTS loci, extensive
characterization of stimulation loci within the nucleus has previously been carried out in
this laboratory (6,69-71) and has established that: (i) the buccopharyngeal and
oesophageal sites are coextensive with the NTS subnuclei intermedialis and Ctnlr:il.lis,
respectively and (ii) with the S·glutamate concentration, ejcctate volumes and pipette tip
diameters used, the elicitation of short-latency pharyngeal or oesophageal responses
requires the tip to be within 50 pm of these subnuclei. Furthermore, since the NTS
subnuclei lie less than 500 pm below the NTS dorsal surface. they arc also accessible for
drugs applied to the extraventricular NTS surface,
Drugs were purchased from lhe following sources: DL-2·amino-7-
phosphonoheptanoic acid CAP-7), (-)'bicuculline mcthiodide, scxlium s-glutamate, kainic
acid (kainate), methscopolamine bromide, DL-muscarine hydrochloride, muscimol,
noradrenaline and picrotoxin (Sigma); cis-2-methyl-dimethylaminomclhyl~1 ,3-dioxolanc
methiodide (CO; Research Biochemicals Inc.).
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2.3 Results:
2.3.1 Muscimol
Repetitive swallowing was induced by electrical stimulation of the NTS at the
level of the fovea inferior (n ::4). Responses consisted of a buccopharyngea1 component
which attained rates between IO-S0/min al stimulation frequencies of 1.5-6 Hz and
intensities of 1-3 V. The deglutitive response was reversibly abolished by ipsilateral
application of muscimol (0.1 omoO, a GABA... receptor agonist, onto the extraventricular
surface of the NTS. This inhibitory effect had a rapid onset, Le. developed in less than
I min, and lasted from 30 min to 1 h. However, in one experiment recovery was
incomplete even after more than 2 h. The inhibition could be partially overcome by a
large dose of bicuculline (2 omol) applied at the same site (Fig. 2A).
The question of whether muscimol exerted a differential action on the
buccopharyngeal and the oesophageal stage of swallowing was investigated next. In
order to dissociate the two stages, either kainate (I nmol) or the muscarinic choJinoceptor
agonists, muscarine (0.1 nmol) or a synthetic analogue, CD (0.1 nmol), were applied
unilaterally to the extraventricular surface of the NTS. In keeping with previous work,
kainate (0=8) produced pure repetitive buccopharyngeal responses (Fig. 28), whereas
muscarine or CD (n =5) elicited rhythmic peristalsis·like oesophageal responses(Fig. 2C).
Both types of evoked deglutitive responses were effectively inhibited by muscimol (0.01·
2 nmol) applied at the same site (Fig. 28 and 2C). In the kainate group, complete
ipsilateral inhibition was evident at all muscimol doses tested (0,01 nmol, n=2; 0.1
nmol, n=4; 2 omol, 0=2). Contralateral inhibition was obtained in one of the 4 animals
Flgure 2. Muscimol inhibits swallowing activity evoked from the solitary
complex (NTS). In this and the following figures, traces represent intraluminal pressure
within the pharynx (P), the oesophagus (E), the cervical oesophagus (CE), the distal
oesophagus (DE), and electrical stimulation of the NTS (es). A: Pharyngeal deglulitive
response to electrical stimulation (3 Hz, 0.3 ms and 3 V) of the intermediate NTS is
reversibly inhibited by rnuscimol 0.1 omol, applied to surface of ipsilateral NTS. (I)
Control; (2) 5 min after muscimol; (3) partial reversal by bicuculline 2 nmol, applied to
the same site 20 min after muscimol. B: Pharyngeal fictive swallowing elicited by
kainate 1 nmol applied to dorsal surface of the NTS at dashed line is inhibited by
muscimol. (I) control response; (2) inhibitory effect of muscimol 0.1 nmol applied at
same site as in A (triangle); (3) kainate effect partially recovered 20 min after muscimol
application; (2') muscimol fails to abolish kainate response elicited from the contralateral
NTS (6 min after muscimol application). C: Oesophageal response elicited by muscarine
0.1 mnol applied to NTS surface is inhibited by muscimol. (1) control rcsponsc; (2)
response 5 min after muscimol 0.1 nmol applied at same site; (3) recovery of muscarine
effect 1 h after muscimol application. Calibration: vertical bar represents 2.6 and 1.3
kPa for pharyngeal and oesophageal traces, respectively.
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treated with muscimol 0.1 nmol and in both animals treated with the highest dose.
Similarly, in the muscarine group, complete ipsilateral inhibition was present after
muscimol 0.1 nmol (n=3) and bilateral inhibition after muscimol2 nmol (n=2). This
inhibition was reversible and followed a time course similar to that d~scribed above.
Besides its dcglutitive effects, kainate applied to the NTS surface induced respiratory
stimulation, indicated by an increase in both volume and rate of breathing. Interestingly,
following application of muscimol to the ipsilateral NTS, binalc gave rise to a marked
respiratory inhibition, both volume and rale being decreased.
To tcst the possibility that muscimol inhibited swallowing by diffusing to GABA
receptors in structures remote from the NTS, rnuscimol 0.1 nmol was applied in two
animals to the laterodorsal surface of the spinal trigeminal tract, about 2.5 mm lateral to
the midline at the level of the fovea inferior. Kainate, applied to the surface of the NTS
within 2 min following muscimol appliC<\tion, elicited a strong swallowing response, not
different from that of controls. However, when the same amount of muscimol was then
applied to the dorsal surface of the NTS in these two animals, the kainate-evokcd
response was abolished.
2.3.2 GABA... antagonists
The above results suggcst that activation of GADA" receptors in the NTS is
capable of inhibiting swallowing and oesophageal activity. The role of these GADA"
receptors in swallowing was next investigated by applying antagonists,
i. Topical application of bicuculllne and picrotoxin: Unilateral application of
bicuculline to the NTS surface in doses ranging between 5 and 200 pmol resulted in
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vigorous deglutitive activity, which started within 1 to 2 min after application, peaked
within 2 to 4 min and lasted for approximately 5 to 20 min. This response was dose-
dependent in terms of latency, duration and number ofevoked swallows crable f). Unlike
other dcglutitive excitants such as kainate (70) and serotoninergic (69) agonists, which
predominantly produce buccopharyngeal activity, bicuculline invariably gave rise to
repetitive complete swallows (Fig. 3), i.e. buccopharyngeal pressure waves were
followed by propulsive oesophageal contractions. This swallowing effect persisted when
:submandibular salivary glands had been extirpated. Moreover, increased salivation was
not observed following applications of bicuculline in intact animals. After cutting the
IXth and Xth nerves bilaterally close to their exit from the skull, deglutitive stimulation
by bicuculline was still evident (n=2). Thus. phasic wave activity, albeit of reduced
amplitude, persisted with a similar rhythm in the posterior oral cavity. Applications of
bicuculline (5-200 pmol) to the laterodorsal surface of the meduUa failed to elicit any
dcglutitive effect (n=2).
Picrotoxin (50-500 prool. n=4), a blocker of the GABAA receptor CI" channel
(14,175). mimicked bicucullinc in eliciting a pharyngo-oesophagea1 response when
applied to the surface of the NTS (data not illustrated).
ii, Microil\lections of bicuculline into NTS deglulitive loci: Pressure ejection of
glutamate (1Q..20pmol) at pharyngeal sites, corresponding to the region of the subnucleus
ventralis and intermedialis of the NTS. yielded a pharyngeal pressure wave at short
latency. Prepulses of bicuculline (0.05-0.1 pmol) applied at these sites via an adjacent
barrel of the pipette. facilitated the glutamate response as evidenced by an increase in
Table I. Dose-effect relationship of deglutitivc responses evoked by topical
application of bicuculline to the solitary complelt of the rat'
Dose (pmlll) Lalency(s)' DlII'Iiuon(sl' SwaIIOWli(Nu.)f
1000(4) 43 ± 6 765 ± 86 157 ± 42
100-200 (8) 42 ± 4 578 ± 45 105 ± l)
50(8) 61 ± 6 353 ± 24 56 ± 13
5-10(5) 73 ± 3 298 ± 33 20 ± 3
Data were obtained from pharyngeal and esophageal pressure waves. Bicuculline
was applied unilaterally to the extraventricular surface of the solitary complex
(NTS) in a volume of 0,05-0.2 fll. Numbers of experiments arc shown in
parentheses. :'\11 numerical values were expressed as mean ± 58.
t: Latency corresponds to the interval between drug application and the appearance
of the first pharyngeal pressure wave.
~: Duration, the interval between start of the first and the last pharyngeal pressure
§: Number of swallows, the total number of pharyngeal pressure waves produced
by a single dose of bicuculline.
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Figure 3. Repetitive pharyngo-oesophageal swallowing response to bicuculline.
Topical application of bicuculline to the dorsal surface of the left side NTS evokes a
repetitive swallowing response consisting of buccopharyngeaI and oesophageal
components coupled in a I: 1 ratio. The inset shows, at high chart speed, the sequential
progression of pharyngo-oesophageal pressure waves. Vertical bar represents 1.3 and
0.6 kPa for pharyngeal and oesophageal traces, respectively.
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amplitude and number of swallows (Fig. 4A), At higher doses (0.5-1 pmol), bicucullinc
on its own evoked either pure pharyngeal (n=4), or repetitive complete swallows (Fig.
4B, n=5). AI oesophageal sites, corresponding to the subnucleus ccntralis of the NTS,
pulses of glutamate (10-20 pOlol) gave rise to monophasic oesophageal contrnctions.
Prepulses ofbicuculline 0.05-0.2 pmol not only enhanced the amplitude of lhe glutamate
response, but also converted the monophasic pressure wave into rhythmic repetitive
activity (Fig. 5, n=6). At the highest dose tested (l pmo]), bicucu11inc produced
rhythmic peristalsis-like response on its own (Fig. 5, n=5).
2.3.3 BicucllflilJe Qnd plwryllgo-oesoplwgeal coupling
As described above, bicucullinc, unlike binale. gave rise to complctc tlcglutilivc
sequences. These results invited examination of the mechanism responsihle for coupling
pharyngeal and oesophageal stages. In these experiments, repetitive buccopharyngcal
swallowing was induced by kainate (l nmol, n=4) and noradr!:nnline (l nmol, n=2)
applied unilaterally to the extraventricular surface of the NTS. Subthreshold pulses of
bicuculline (0.1-0.5 pmol) were Ihen pneumophorcse:d at glutamate-responsive:
oesophageal loci in the ipsilateral NTS. As shown in Fig. 6, the GAllA lliltagonist not
only acutely enhanced the kainate or noradrenaline evoked buccophnryngclIl swallowing
activity, but also caused the appearance of coupled propulsive oesophageal contractions.
The number of evoked peristaltic waves ranged from 4 to 16, varying between individual
trials and animals (6.7±O.7; 20 trials in 6 animals). This effect could be repeated up to
4 times without obvious loss ofeffect in each individual trial of kainatc or noradrenaline.
The 'coupling' effect ofbicuculline was also observed in rats subjected to
A-LP 11.3 kPa
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Figure 4. Effects of bicuculline al a pharyngeal sile in the solitary complex. A.
Facilitation of glutamate response by bicuculline. Left: Control pharyngeal response to
glutamate (G) 15 pmol ejected into the intermediate subnucleus of the NTS, Right:
Facilitation of the glutamate response by a pulse of bicuculline (0.1 pmal) 15 s prior to
glutamate (rom an adjacent barrel of the pipette. B. Bicuculline at a larger dose (0.5
pmal), ejected at same sile evokes repetitive complete swallows.
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Figure 5. Effects of bicuculline at an oesophageal site in the solitary complex.
Left: control response elicited by a pulse of glutamate (12 pmol) ejected in the central
subnucleus of the NTS. Middle: Facilitation of the glutamate response 20 s after a pulse
of bicuculline (0.05 pmal) from an adjacent barrel of lhe pipette. Right: Rhythmic
peristalsis evoked by a larger dose ofbicuculline (I pmal) ejected at same sile. Vertical
bar represents 2.6 and 0.6 kPa for pharyngeal and oesophageallraces, respectively.
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Figure 6. Coupling effect of bicuculline pressure-ejected at an oesophageal site
in the NTS•. Len: an oesophageal site located by a pulse of glutamate (12 pmal), where
it produces propulsive oesophageal contractions. Middle: Lack ofeffect of subthreshold
dose of bicuculline (0.2 pmol) ejected from an adjacent barrel of the pipette. Right:
Same dose of bicuculline ejected at same site produces coupled oesophageal response,
Le. deglulilive (primary) peristalsis, during ongoing pharyngeal swallows evoked by
kainic acid (KA) applied to the dorsal surface of the ipsilatelilJ. NTS. Note that the last
cervical pressure wave fails to progress to the distal oesophagus, indicating that the
injection site is a cervical oesophageal locus. Vertical bar represents 1.3 and 0.6 kPa
(or pharyngeal and oesophageal traces, respectively.
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electrical stimulation of the NTS (0==4, Fig. 7). As described above. electrical
stimulation of the NTS, with appropriate parameters, produced repetitive
buccopharyngeal swallows unaccompanied by oesophageal activit)'. Prior application of
subthreshold doses of bicuculline (0.5-1 pmal) to the extraventricular surface of the
stimulated NTS augmented the swallowing response evoked by electrical stimulation.
Thus, not only was there increased pharyngeal swallowing activity, but oesophageal
activity coupled in a I: I ratio with pharyngeal swallowing, provided the ratc of
pharyngeal swallowing did not exceed 10 10 12 per min. Compared with bicucullinc,
kainale (0.05 omol) applied at the same site also enhanced the pharyngeal swallowing
evoked by electrical stimulation of NTS, but did not yield oesophageal activity (Fig. 7).
2.3.4 BicuculJine induced primary pen"sta!sls • relatloll to NMDA and muscarinlc
receptor actil'aJion
As both muscarinic eholinoceptors and NMDA receptors have been implicated in
oesophagomotor control at the level of the NTS, experiments were next undertaker. to
determine the involvement of these receptors in the production of primary oesophageal
peristalsis induced by topical application of bicuculline (S pmol) to the dorsal surface of
the NTS. As shown in Fig. 8, swallOWing responses evoked by bicuculline were fully
and reversibly inhibited by AP-7, a NMDA receptor antagonist, applic<l at the same site
(n::::6). This blockade lasted 10-20 min and was dose dependent within the range of 5
to 500 pmol. However, a preferential effect of AP-7 on the oesophageal component was
not evident even at the lower dose tested, at which two or three pharyngo-oesophageal
swallows persisted. Application of the muscarinic eholinoceptoT antagonist.
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Figure 7. Effect of bicuculline applied to the dorsal surface of the solitary
complex on pharyngo-esophageaJ coupling. Panels show, from left to right, the control
pharyngeal response to electrical stimulation (0.3 ms, 3 V) of left NTS; coupled
pharyngo-oesophagea1 response following application of bicuculline 1 pmol to the dorsal
surface of the ipsilateral NTS (two middle panels) and Jack of coupling effect of kainate
(KA) 0.2 nmol applied al the same site (right). Note the facilitation of pharyngeal
activity by both bicuculline and woale.
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Figure 8. AP-7 blocks repetitive pharyngo-oesophageal swallowing response
evoked by bicuculline. Len: Control response, evoked by bicuculline (Bicu. 5 pmal)
applied to the extraventricular surface of the NTS. Middle: Complete blockade of the
response by AP-7 (S pmal, bold arrow) applied to the same sile I min prior \0
bicuculline. Right: Partial recovery 15 min later. Note the weak efrect of bicucullinc
on respiration (top trace R),
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melhscopolamine (5-.50 pmal), selectively abolished the oesophageal component of 'he
bicuculline-evoked response, whereas the pharyngeal component persisted (Fig. 9. n:::6).
Blockade of the oesophageal component was restricted to the ipsilateral medulla.
Recovery of the response was not evident during a 2 h observation period and was not
studied funher.
2.3.5 Muscarinic all1agonisls and fictive secondary oesophageal peristalsis
As shown in Fig. 5, bicuculline, when injected within the NTS. at a large dose,
evoked a rhythmic oesophageal response. The question thus arose as to whether this
bicuculline evoked response was also susceptible to inhibition by muscarinic antagonists.
As illustrated in Fig. 10, ejection of bicuculline (l proal), at glutamate-responsive loci
within the NTS•• gave rise to rhythmic, multiple-wave activity (see also Fig. 5). This
activity was not regularly associated with buccopharyngea1 activity. Topical application
or methscopolamine 100 pmol 10 the extraventricular surface of the ipsilateral NTS
completely blocked the bicuculline-evoked ficlivesecondary oesophageal response (n =2).
No recovery was obtained over a 4 h observation period following applications of
mcthscopolamine in Ihese two experiments.
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Fipre 9. Effect of muscarinic receptor blockade on bicuculline-evokcd primary
oesophageal peristalsis. Left: Oesophageal activity evoked by bicuculline (5 pmal)
applied to the extraventricular surface of the left NTS is blocked by methscopolamine
(MSCP, 10 pmal), applied to the same site 2 min prior to bicuculline. The blockade
persists for longer than 2 hours (nol illustrated). Right: Lack of blocking effect on
deglutitive oesophageal peristalsis evoked by same dose of bicuculline applied to
contralateral NTS surface 20 min after MSCP application on the left side. Calibration:
vertical bar represents 3 and 1.3 kPa for pharyngeal and oesophageal traces, respectively.
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Ficure 10. Effect of muscarinic receptor blockade on bicuculline-evoked fictive
secondary peristalsis. Bicuculline 1 pmol pressure-ejected at an oesophageal site within
the NTS. elicits oesophageal peristalsis independent ofbuccopharyngeal swallowing Oerl)
which is blocked by melhscopolamine 100 pmol applied to the dorsal surface of the
ipsilateral NTS (right), Calibrations: Vertical bar represents 2.6 and 0.6 kPa (or
pharyngeal and oesophageal traces, respectively.
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1:.4 Discussion:
The present study demonstrates the importance of GABAcf&ic mechanisms in the
premotoneuronal control of oesophageal peristalsis in pankular and swallowing in
general. These results prompt several conclusions: i) a GA8A... receptor-mediated
inhibitory mechanism in the NTS maintains the NPG for swallowing and oesophageal
peristaltic activity in a quiescent statc; ii) release from this inhibition results in rhythmic
swallowing and/or oesophageal peristalsis; iii) GABAergic inhibition operates 10
counteract excitatory inputs acting at NMDA and muscarinic receptors on pharyngeal and
oesophageal premoloneurons, respectively; iv) a GABA...·ergic mechanism is involved
in inhibiting coupling between the two stages of the swallowing, and could. therefore.
in part contribute 10 deglulitive inhibition of the oesophagus; v) ticucullinc can be used
as a versatile pharmacological tool for studies on swallowing and oesophageal peristalsis.
2.4.1 GABAA nceptor-mtdillltd m~chanisms in swallowing
The present work provides strong evidence lhal GABAergie inhibition is an
intrinsic component of deglutiuve conl!'ol. Speciflcally, the present findings implicate
GABA... receptors, since centrally-evoked deglulitive responses were reversibly inhibited
by muscimol, a GABA... receptor agonist (14,175), whereas both bicuclJlline, a GABA...
receptor antagonist (14,32,33,61) and picrotoxin, a blocker of GABA... n channel
(14,175), elicited complete swallowing responses consisting of a buccopharyngcal and
oesophageal stage.
Bicuculline was first shown to have potent and selective antagonistic effects on
GASA-mediated postsynaptic responses in the spinal cord of !.he cat by Curtis and his
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colleagues (32,33). Since then, this agent has been widely accepted and used as a
selective GABAA receptor antagonist (14,56,152,175,176). However, other effects of
bicuculline have been observed that arc apparently unrelated to GADA receptors. In
particular, inhibition of acetylcholinesterase (152) seems relevant, in light of the
stimulant effects on swallowing of acetylcholinesterase inhibition revealed in previous
work (6). However, it is unlikely that the deglutitive effects of bicuculline observed in
this study resulted from its anticholinesterase activity instead of blockade of GADA
receptors. First. the stimulating effects of the cholinesterase inhibitor, eserine. are
restricted to the oesophageal stage and the increased oesophageal activity appears to be
associated with an inhibition of pharyngeal activity (6). However, bicuculline displayed
similar potency in activating both stages of swallowing, as demonstrated by robust
pharyngo-oesophageal responses. Second, picrotoxin, a blocker of the GABA receptor-
gated chloride channel (14,175), produced similar deglutitive stimulation.
Another pertinent property of bicuculline is its convulsant activity (152). Along
with other convulsants, such as picrotoxin, bicuculline could exert wide-spread stimulant
actions on other medullary functions, including respiration, emesis, and salivation. The
lalter might secondarily (reflexly) stimulate swallowing (8,100). However, this
possibility can also be discarded since: (i) the swallowing effects of bicuculline were not
impaired by extirpation of salivary glands and (ii) intact animals failed to show increased
salivation following application of bicuculline. Hence, the stimulating effects on
swallowing by bicuculline observed in the present work are most likely due to inhibition
of GADA" synapses on deglutitive interneurons.
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The discrete localization of solitary siles responsive to bicuculline corroborates
the close anatomical association of the NPG for swallowing with Ihe solitary comp!cK
(7,21,70,96,140). Furthermore, it supports the idea that endogenous GADA release
within the solitarial complex exerts a powerful, tonic inhibition of premolar elements
forming part of the NPG. Pharmacological blockade of this inhibition appears 10 be
sufficient to trigger oscillatory activity of the NPG i.e. rhythmic fictive swallowing and
oesophageal peristalsis. At present, it is difficult to pinpoint the precise anatomical
substrate of GABAergic inhibition of the NPG. The effects of muscimol and bicucullinc
on swallowing were evident only when drugs were applied onto the surface of the NTS
or ejected into swallowing loci within NTS. Moreover, GADA neurons arc present
within NTS (99,123). Accordingly, one may reasonably suppose thai local GABA
neurons within NTS, especially those within or nearby swallowing loci, arc the source
of this GABAergic inhibition. However, involvementofextrasolitary GABAergic inputs
to the NTS cannot be ruled oul at this time. Clearly, the synaptic organi1.ation of
GABAergic affercnts concerned in deglutitive functions requires further investigation.
2.4.2 GABAergic interactions with NMDA· and a muscarinic·medialed uci/mary
processes
It is thought that the medullary NPG for swallowing comprises at least two
subcircuits governing the buccopharyngeal and oesophageal stages (6,70,96), which have
distinct neuroanatomical and pharmacological substrates and arc capable of functioning
independently (see below). Ejections ofbicueulline into the subnucleus intcrmedialis and
subnucleus ccntralis of the NTS gave rise to isolated buccopharyngeal and oesophageal
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responses, respectively, Tonic GABAergic inhibition of the NPG therefore appears to
be directed separately to each slage.
Among other putative excitatory transmitters, EAA have received increasing
attention. 80th NMDA and non-NMDA- receptor mediated swallowing responses have
recently been described (70,71,104,176). The enhancement of gIularnate.-evoked
responses by bicuculline points to an interaction between EAA- and GABA-mediated
mechanisms in the generation of swallowing activity. Arguably, both excitatory and
inhibitory processes may be required to generate patterned, oscillatory neuronal activity.
In particular, Ihis may apply to pharyngeal premotor control, as evidenced by the
effectiveness of Ap·7 in blocking bictlculline·evoked responses. This antagonist blocks
NMDA-, but not glutamate-evoked buccopharyngeal responses orcholinoceplor-mediated
oesophageal activity (70). Thus, inhibition by Ap·7 of bicuculline·induced swallowing
can safely be attributed to antagonism at the NMDA receptor. These results strengthen
the view that both excitatory, NMDA receptor-mediated, and inhibitory processes are
critical elements in motor pattern generation (67). The techniques used in the present
study do not permit further insight into the precise manner in which these two proposed
mechanisms interact at the cellular level. If elements of the pharyngeal NPG in the
solitarius complex were to receive convergent input via GADA" and NMDA receptors,
the GABAergic input would normally predominate so as to keep the NPG silent.
Removal of inhibition by blocking GADA" receptors, as demonstrated by the present
work, or surmounting it by applying exogenous glutamate or NMDA agonists (6,70,104),
would permit oscillation of the NPG.
'0
The present finding that NMDA receptors playa pivotal role in the bicucullinc
effect is intriguing because questions have been raised as to whether these nxcptors
participate in fast synaptic information transfer. given the voltage-dependent blockade by
Mg2+ of the NMDA receptor/channel complex (186). However, there is support for the
contribution of NMDA receptors to the generation of excitatory postsynaptic IXllcntials
both in vivo and in vitro (186). The present work adds weight 10 the growing body of
evidence for activation of NMDA receptors in synnptic transmission under physiologiclll
conditions and points to a primary role of these receptors in excitatory synaptic
transmission at NTS deglutitive interneurons.
Studies on the locomotor generator in thc lamprey suggest thai NMDA receplor
activation generates pacemaker·like activity (67). The basis of such NMDA-activatcd
rhythmic activity is the voltage-dependent blockade of the channel by MgH and the
permissive entry of Ca1+ through the channel. A similar mechanism may form the ba~is
of rhythmic oscillation It:ading to the buccopharyngeal swallowing as suggested by the
AP-7 data. This hypothesis is corroborated by recent experiments performed on NTS
slices which demonstrate that application of NMDA induces rhythmic bursting activity
similar 10 the rhythmic swallowing activity of the NTS neurons recorded in vlvtJ
(182,183). Although non·NMDA excitatory amino acid receptors arc also present on
deglulitive premotoneurons (70,104) they do not appear to playa critical role in the
bieuculline effect. Work in progress in this laboratory suggests Ihat bicueulline responses
are relatively resistant to 6-cyano-7·nitroquinoxaline·2,3·dione (CNQX), a selective
blocker of kainate and quisquaJale receptors (80). On the other hand, it hi\S been
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suggested that among EAA receptors, it is the kainate receptor that predominates within
the NTS subnuclei associated with the buccopharyngeaJ stage of swallowing (70). Thus,
further study is needed 10 determine the physiological relevance of this subtype of EAA
receptor in generating the buccopharyngea1 stage of swallowing.
The oesophageal stage in the rat depends on activation of a muscarinic
cholinoceplor link (6). Because fictive secondary peristalsis could be evoked by injection
into the NTS, ofbicuculline and since this bicuculline-evoked response was rully blocked
by methscopolaminc, a muscarinic cholinoceptor antagonist, pharyngeal and oesophageal
sub·NPGs probably share a common inhibitory mechanism. However, the oesoph.!.'geaJ
NPG is probably primed by activation of a muscarinic rather than an NMDA rec.eplor.
Like the NMDA receptor. activation of neuronal muscarinic receptors is capable of
activating rhythmic bursting in central pattem generators, for instance the one involved
in generating the pyloric rhythm in lobsters (126,127).
The mechanism by which GABAergic and cholinergic inputs interact remains to
be determined. One possibility is that GADA input may impinge on choJinoceplive
neurons within the NTS. rather than 00 cholinergic cell bodies. In this case, GADA, by
reducing the excit.ability of the postsynaptic elements, would aet to decrease their
responsiveness to ACh input. Alternatively, GADA may inhibit ACh input directly via
a presynaptic mechanism. GADA has long been known to depolarize primary afferent
lerminals in the dorsal hom of the spinal cord, where it plays a major role in presynaptic
inhibition (33.117). A similar GABA...-mediated presynaptic inhibition of peripheral
afferent input 10 the NTS has also been suggested (57,144). Par1icuJarly interesting in
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this regard is thai oesophageal vagal afferents may be cholinergic (154,185). Whether
GABAergic axons synapse with these oesophageal cholinergic afferent terminals within
the NTS. remains to be determined.
2.4.3 GABAergic coordinatioll of two slvallowing stages
As discussed above. phar}Ingeal and oesophageal NPGs arc ncuro:matOlllic:lt1y
and functionally distinct. The nature of the central mechanism coordinating these two
stages has been a matter of debate. Some investigators have propo$Cd Ihat ocsoplmgeal
motor activity occurs primarily in responsc to distcnsion; in olher words, the
coordination between the two slages is primarily dependenl on peripheral sensory input
rather than on a central mechanism. Specifically, oesophageal peristalsis following a
pharyngeal swallow is explained as being due to oesophageal distension secondary to lhe
passive opening of the upper oesophageal sphincler (30). One argulIlent in suppor( of
this concepl is the lack of demonstrable ncuroanatomical connections between the lwo
NPGs at the prernotoneuron level (30). However, the present results militate :lgaillstthis
view. Specifically, application ofkainic acid or noradrenaline to the NTS surface elicited
vigorous pharyngeal swallowing not progressing 10 the oesophageal Slagc; however, thc
concurrent application of subthreshold doses of bicuculline, delivered to the NTS
subnucleus centralis during an ongoing bueeopharyllgc.11 swallowing rcsponsc, W,IS
effective in triggering coupled oesophageal peristalsis. These data thereforc pwyidc
strong support for the existence of an intrinsic cenlral mechanism coordimllinl; the two
NPGs. i.e. a "coupling" mechanism, through which the rhythm generaled hy the
pharyngeal NPG controls that of the oesophageal NPG with the appropriate phase delay,
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enabling the full dcglutitive motor program to be executed.
This coupling mechanism presumably involves two parallel connections linking
the pharyngeal and oesophageal NPGs. One connection operates via GABA,,-mediated
inhibition, whereas the other operates via muscarinic cholinoceptor-mediated excitation,
as evidenced by the effectiveness of bicuculline in eliciting primary oesophageal
peristalsis and the blockade of this effect by methscopolamine. The location of the
propriobulbar cholinergic neurons responsible for the excitatory muscarinic link remains
to be determined. However, it is reasonable to propose thallhese neurons receive their
inputs from the buccopharyngeal NPG and in turn project to the oesophageal NPG,
ensuring that the buccopharyngeat progresses 10 the oesophageal stage. The inhibitory
link would normally ensure functional independence of the two stages by counteracting
the muscarinic cholinoceptor-mediated coupling process. At present it is not clear
whether the GADA neurons in question are associated with the NTSj, the NTS" or both.
Howevcr, it may be reasonably hypothesized that the GABA neurons, like tile cholinergic
neurons, receive their excitatory inputs from the buccopharyngeal premotoneurons in the
NTS, and project to the NTS.. where they counteract thc cholinergic input to inhibit
oesophageal activity. This mechanism may in part account for the well documented
-deglutilivc inhibition", a physiological process triggered at high rates of swallowing
(41,47). However, it should be noted that even in the presence of bicuculline,
oesophageal pcrislalsis failed to follow the pharyngeal responses at rates > 12fmin
during electrical stimulation of the NTS (Figure 7, middle). This result suggests that
other mechanisms contribute to deglutitive inhibition of oesophageal peristalsis.
"Taken together the present work demonstrates that solitari ...1 GABA~rgic
transmission exerts a tonic inhibition on the NPGs for buccopharyngcal swallowing and
oesophageal peristalsis and prevents them from expressing their potcntial rhythmic mOlor
oulput at rest. Release from GABAergic inhibition results in oscillatory aClivity, i.e.
rhythmic fictive swallowing or peristalsis. Accordingly, this work demonstrates lhe
utility of bicuculline as a 1001 for studying dcglutitive Ilcurotransmission, cspcciullyas
regards the central control of the oesophageal stage of swallowing. Its cffl"l;\ivcllcss in
inducing fictive primary peristalsis proved 10 be critically importllill in the following
investigations.
Chapter Three
Unilateral tontrol of primary and seeondary
oesophageal perlstalsis
3.1 Inlroduction:
The oesophagus is capable of producing two types of centrally~mediated
movement, namely primary peristalsis induced by swallowing and secondary peristalsis
in response to distention of the oesophagus (41,83,134,140,143,161). These two types
of periSlalsis arc thought to involve similar control mechanisms (41,58,161,172). In
agreement with this suggestion, neuroanatomical (2,6,10,28,68)and physiological studies
(6,68,93,94) have provided evidence Ihat premoloneurons and moloneurons involved in
both types of peristalsis are the same and Ihe NTSc~AMB, central oesophagomotor
pathway is the final common pathway. More significantly, available pharmacological
observations (6) (chapter 2 of this thesis) suggest that a muscarinic cholinergic
mccllanism is required for both primary and secondary peristalsis. For instance,
muscarine, when injected into the NTS" produces an oesophagcal response resembling
secondary peristalsis (6). Le. fictive secondary peristalsis (7). Moreover, both fictive
primary and secondary peristalsis evoked by bieuculline from the NTS are blocked by
topical application of a muscarinic cholinoceptor antagonist to the dorsa! surface of the
ipsilateral NTS (chapter 2). The question therefore arises as to whether the muscarinic
cholinoccptors associated with NTS, intemeurons are the common substrate through
which ACh generates both primary and secondary oesophageal peristalsis. In this regard,
it is necessary to determine if both types of oesophageal activity are abolished by
S6
muscarinic cholinoceplor blockade restricted to the NTS<,
A related issue with respect to the final common pathway for OI:soplmgcal
peristalsis is whether unilateral activation of NTS. is distributed bilaterally 10 the AMB<
motoneurons. A recent neuroanalomical study reveals that although the bulk of the
NTS,-AMB, project is ipsilateral, a small proportion of these libers projl'Cls 10 the
contralateral NTS< and AMB, (68). Given that OI:sophagcal peristalsis isa l1on-lllICrali1.cd
movement, one may hypothesize Ihal NTS,-AMB, pathways on each side of the bminslcm
are normally synchronized via commissural interconnections so as (0 enable bilateral
oesophageal molor ouipul to be generated during peristalsis. '1111S arrotngcntcnl would
be analogous \0 Ihc one proposed for buccopharyngcal swalluwing (47,49) lind
mastication (22).
The present work was undertaken to lest lwo hY[XJlhcses: I) ;lctiv;llion of
muscarinic cholinoceptors associaled with NTS, neurons is the eommun ~lep in generation
of both primary and secondary peristalsis; 2) ocsophagolllotordrivc initiated by activation
of NT5, neurons on one side of the medulla is distributed to the AMII" bilaterally.
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3.2 Methods:
Experiments were performed on male Sprague-Dawley rats (Charles River,
Montreal) weighing 250-450 g. General surgery and procedures for recording
swallowing responses are described in section 2.2.
Acute or subchronic unil;\teral vagotomy was performed in 6 animals. Either lhe
right or the left cervical vagal trunk was cut. To obtain complete interruption of
ipsilateral oesophageal motor output, the ipsilateral superior laryngeal nerve (SLN) was
also cut as it has been shown to contain motor fibers innervating the striated muscle of
the uppermost cervical oesophagus (10). Acute vagotomy was done on three animals
anesthetized with urethane (1.2 g/kg, i.p.). For subchronic vagotomy, operations were
performed on the other three animals under Lp. sodium pentobarbital anaesthesia
(45mgfkg). After a survival period of7-1O days, the animals were reanaesthetized with
urethane (1.2 g/kg, i.p.) and then subjected to the same experimental protocol that was
cmployed in the acutcly vagotomized animals.
Intra-NTS. injcction of mcthscopolamine was made by means of a two barrel
pipette containing glutamate (0.2 M) and methscopolamine (I0·J M), respectively. As
described in section 2.2, the NTS, was located by lest pulses of glutamate and then
mClhscopolaminc was delivered to these glutamate responsive sites from the other barrel
of the pipettc. Fluorogold (0.05%) or bis-benzimide (0.03%) mixed with
mcthscopolamine solution was used as a marker to permit identification of the ejcction
sitcs by fluorescence microscopy.
Following the recording session, the rat was transcardially perfused with
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heparinized saline containing 1% magnesium chloride followed by a phosphate-buffered
(0.1 M) paraformaldehyde (4%). Serial transverse vibratome sections (40 ,.,.m) of the
medulla oblongata were CUi and examined with an UV fluorescence microscope.
For extracellular unil recording and chemostimulation of NTS. oesophageal
premotoneurons, two-barrelled glass micropipetlcs were used. The recording barrel of
lhe pipette contained a carbon fibre (8 ~m in diameter) which was electro-etched wilh
chromic acid after the barrel was filled with 4 M Nael, leaving 10-25 /tffi of exposed
carbon fibre. The other barrel was filled with 0.2 M glutamate and used to locate the
NTS, oesophageal neurons. Extracellular unit activity was window-discriminated wilh
a spike trigger. Standard pulses from the spike trigger, along wilh buccopharyllgcal and
oesophageal pressuTC waves, were recorded on a 4-channel instrumentation ta[)C recorder
for laleranalysis.
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3.3 Results:
3.3.1 EjJ,dS ofmuscarillic cftolilloctptorb/qcluJd, within the NTS. onfKtivt prima"
alld Itcoll/kIT, OtfOPM,UJI ptriJtalsU
Oesophageal peristalsis was induced in seven animals by topical application of
bicuculline (S proel) and muscarine (100 poo) lO the dorsal surface of the NTS. As
expected. peristalsis was completely blocked in all cases by injection of methscopolamine
« 0.3 pmal) into glutamate-responsive oesophageal sites within the ipsilateral NTS,
(Fig. 11). Recovery was not observed within the subsequent 4 h observation period. In
contrast, neither primary nor secondary peristalsis evoked from the contralateral NTS
was affected (Fig. II).
3.3.2 E:ttractlluar recording 0/ NT'S, unil Deliva,
The question of whether the same population of NTS. neurons is involved in the
gL-neration of both primary and secondary peristalsis was next investigated by means of
extracellular unit recording from NTS, oesophageal neurons. Oesophageal
premOloneurons were defined by two criteria: i) a location coextensive with the
functionally identified oesophageal loci within the NTS.: ii) increased unit activity in
response to glutamate (6 pmol) phasc·locked with and preceding an evoked short·latency
oesophageal pressure wave. Six neurons meeting the above criteria were obtained in 4
animals. These neurons exhibited irregular tonic discharges at a rate ranging from 2·10
Hz. In response to a glutamate pulse, they gave rise to burst discharges reaching 50·80
Hz, which preceded the oesophageal pressure wave by 0.2-1 s (Fig. 12A). Application
of either muscarine (100 pmol) or bicuculline (10 pmol) to the extraventricular surface
FlIure 11, Inhibition of both fictive primary and secondary oesophageal
peristalsis by intra NTSc muscarinic cholinoceptor blockade. Primary (A) and secondary
(B) fictive oesophageal peristalsis are induced by bicuculline 5 pmol and by muscarine
100 pmol topically applied to the dorsal surface of the NTS. respectively. I. control
responses. Note that the buccopharyngeal activity shown in B is independent afrhythmic
oesophageal activity, probably due 10 a lingering effect of bicuculline applied in A; 2.
Oesophageal activity is blocked 3 min (A) and 15 min (B) following ejcction of
methscopolamine (0.2 pmol) at the glutamate-responsive oesophageal locus within the
NTSc shown in C and 0; 3. Undiminished responses are evoked from the contralateral
NTS 30 min (A) and 45 min (B) after the application of mcthscopolaminc. C:
Oesophageal response evoked by glutamate at the methscopolamine injection site of the
NTSc shown in panel D. Pulse of glutamate (8 pmol) delivered from the other barrel of
the pipette evokes a propulsive oesophageal response with a latency less than 1 s. Note
the lack of effect on re.~piration following the glutamate pulse (bottom trace, R). D:
fluorescence darkfield-photomicrograph of the injection site. The injection site is marked
by fluorogold (0.05%) contained in methscopolamine solution and shown in a transvcrse
section through medulla oblongata. The site is identified at the center of the area
corresponding to the NTS< (2,163). Abbreviations: NTS, nucleus of the solitary tract;
TS, solitary tracl; DMV, dorsal motor nucleus of vagus and XII, twelfth nerve nucleus.
A B
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FIKUrt 12. Extracellular recording of NTS. oesophageal premolar neuronal unit
activity. In each panel, top two traces represent buccopharyngeal and oesophageal
pressure waves, respectively, lower trace is window-discriminatcd discharge from the
same unit. The NTS. is located by a pulse of glutamate pressure·ejected from the other
barrel of the recording pipette. A: Pulse of glutamate (downward arrow) produces a
burst of unit activity which precedes the oesophageal pressure wave. Band C: Unit
discharges are phase-locked with oesophageal pressure waves of both secondary and
primary peristalsis evoked by topical applications of muscarine (100 pOlol) and
bicuculline (5 pmol) to the dorsal surface of the ipsilateral NTS, respectively. D:
Buccopharyngeal swallowing induced by topical application of kainate (100 prool) to the
same site lacks an oesophageal component and NTS. rhythmic unit activity.
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of the ipsilateral NTS converted these irregular discharges to rhythmic bursting, which
was phase-locked with the oesophageal waves of the corresponding peristalsis (Fig. 128
and 12C). In contrast, kainate (100 pmol) a~plied allhe same site. though producing
fictive buccopharyngeal swallowing activity I neither altered the unit activity of these
oesophageal neurons nor induced any change in oesophageal intraluminal pressure (Fig.
12D).
3.3.3 Unilmtrol vagotomy
The effects of unilateral vagotomy on fictive primary peristalsis induct..'<I by
bicuculline (IOpmol), applied to the extraventricular surface orille NTS, were examined
first. As illustrated in Fig. 13, contralateral application of bicuculline induced rhythmic
sWallowing consisting of a buccopharyngeal component followed by oesophageal
peristalsis. However, bicuculline applied ipsilaterally to the vagotomy failed to produce
peristaltic oesophageal activity although buccopharyngeal activity was evident in all the
animals (Fig. t3A, left). Results obtained with acute or subchronic unilateral vagotomy
were qualitatively similar.
With regard to fictive secondary peristalsis, unilateral vagotomy resulted in thc
failure of oesophageal activity in response to ipsilateral application of muscarine (100
pmol). However, muscarine remained effective when applied contralaterally (Fig. 138,
right).
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figure 13. Effect of subchronic unilatetal vagotomy on fictive oesophageal
perisLalsis. A: Bicuculline (5 pmol), topically applied to the dorsal surface of the NTS
on the vagotomized side, only induces rhythmic buccopharyngeal without accompanying
oesophageal activity. However I when applied 10 the dorsal surface of the NTS on the
intact side. it produces propulsive oesor-hageal contractions coupled with buccopharyngeal
swallows. B: Oesophageal peristaltic response 10 unilateral application of muscarine (100
",M) 10 the dorsal surface of the NTS is also abolished on the vagotomized side but
remains unchanged contralaterall)'.
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3.4 Discussion:
The two major findings in the present study arc: (i) activation of muscarinic
receptors associated with the NTS. neurons is required for the generation of both primary
and secondary fictive peristalsis and (ii) unilateral activation of the NTS. is functionally
confined to ipsilateral motoneurons.
3.4.1 NTS.-AMB. projection • tile common final pal/.way for botl, primDry and
secondary fictive peristalsis
Based on the experiments in the dog by Meltzer (134), the mechanism of
secondary peristalsis, unlike that of primary periSlalsis, would largely depend on a
process consisting of a succession of vOlga-vagal rcnellcs originating in oesophageal
receptors sequentially stimulated by a moving bolus. However, preliminary study on the
rat has revealed that secondary peristalsis can be induced by innation of a balloon
positioned at any level of the oesophagus (Lu, Neuman and Bieger, in preparation).
Similar results were observed in the cat (158) and human (58,172). Morc significantly,
Janssens noted in the monkey and opossum that secondary peristalsis induced by balloon
distension below the transection of the oesophagus could begin above the transection
(90). These findings argue against the suggestion that a moving bolus in the oesophagus
is a prerequisite for maintaining secondary peristalsis. Rather, it would appear that the
central mechanism for secondary peristalsis should be similar to that for primary
oesophageal peristalsis.
Recent anatomical (2,6,10,28), and functional (6,70,105) studies have produced
evidence suggesting that NTS. neurons are oesophageal premotoncurons. However,
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whether the same population of NTS, neurons are involved in both cases remains to be
determined. rharmacological studies (6,68) dcmonstr.atcd thai fictive primary peristalsis
is abolished by muscarinic antagonist applied systemically and muscarinic agonists, when
directly ejccted at NTS" evoke fictive secondary peristalsis, suggesting that both types
of peristalsis depend on a cenl11l1 muscarinic link. However, one cannot conclude from
these studies thai muscarinic choJinoceplors mcdi'lting primary peristalsis are the same
as those involved with secondary peristalsis.
The present study confirms the findings of earlier studies and extends them in
several ways. First, the combinatio'l of extracellular recording and focal
chcmostimulation produced data suggesting th,ll NTS, neurons represent oesophageal
prcmoloncurons, excitation of which elicits an oesophageal motor response. Second, the
same population of NTS. neurons thal is involved in generating primary peristalsis is also
engaged in programming secondary peristalsis, since its electrical activity is phase-locked
with oesophageal pressure waves during both t.ypes of fictive peristalsis. Third, it is the
&ctivation of muscarinic receptors associated with NTS. neurons that is required for the
generation of both types of peristalsis, as cvidenced by thc effect of intra-NTS.
muscarinic cholinoccplor blockade. Thus. in the rat both primary and secondary
peristalsis arc governed by a common central mechanism. Under normal wnditiolls, the
brainstem oesophageal NPG is responsible for organizing sequential excitation of
Olotoneurons innervating the oesophagus during both primary and secondary peristalsis.
What might differ between these two types of centrally-mediated peristalsis, however,
is the trigger 10 set offthc full program; primary peristalsis results from input originating
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in the buccopharyngeal NPG, and secondary peristalsis from ex.citation of the
oesophageal NPG via oesophageal reflex afferents. In both cases, concurrent activation
of muscarinic cholinoceplors associated with the NTS, appears to be rt.'quin.'d.
3.4.2 Independence of 'hal/-centers' organiung oesophageal peris/a/sis
It has been proposed for some time that the central NPG for swallowing actually
consists of two paired functionally complete NPGs {47,49). These are kept in pcrfL'C1
synchrony by a system of cross-connections or interconnections betwccn the bilateral
structures which constitute a functionally single NPO. This 'half-center' concept was
originally proposed by Ishihara (cited in ref. (47» and laler elabora~cd by Duty (49).
However, their experiments were confined \0 the buccopharyngeal stage. Whether the
same also holds for the oesophageal stage has remained an open question.
Recent neuroanatomical studies in the rat (2,6.10,28) and e1cctrophysiological
studies in the sheep and rat (92,93,105) provide evidence supporting the existence of two
NPGs, one on each side of the brainstem, controlling oesophageal motility. As a non-
lateralized movement, oesophageal peristalsis might be presumed to require an especially
tight coordinatiOn via interconnections bctween the two hypothetical NPGs. So far only
one study has addressed this issue. Jean demonstrated in shecp that a unilatcl"al lesion
placed bctween the solitary tracl and the DMV suppressed the oesophageal stage of
swallowing elicited by clectrical stimulation of the ipsilateral SLN without affecting that
induced by contralateral SLN stimulation. However, it is difficult to rule out the
possibility that unilateral loss of oesophageal activity observed in thIS study is secondary
to deafferentation. This is of particular relevance in view of thc finding that vagal
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OC$Ophageal afferent fibers projecting lo the NrS. are uncrossed and unilateral (Bieger,
unpublished observation).
The present work clearly shows that central oesophagomotor excitation initiated
unilatcrally from the NTS. is not distributed to motuneurons bilaterally. Thus, selective
blockade of muscarinic receptors within the tITS. or unilateral vagotomy abolished
oesophageal activity evoked from the ipsilateral NTS, leaving unaffected thai induced by
contralateral chcmoslirnulation. These results argue against the existence of functionally
significant cKcitatory commissural or decussating connections between the two
oesophageal NPGs.
It is relevant to note thai recent neuroanatomical work employing anterograde
tracing with PHAL revealed the presence of crossing fibers originating from the NTS.
and terminating in the contralateral NTS. and AMB.: (68). Observations from the present
study suggest these crossing fibers are either not excitatory or alternatively do not have
sufficient excitatory drive to synchronize activities of the two NPGs. While supporting
the existence of bilateral NPGs, the present work suggests a different mode of operation.
Accordingly, synchronization of lhe two NPGs does nol depend on intact interneuronal
connections crossing the midline of the medulla. This is fundamentally different from
the organization proposed for buccopha.-yngeaJ swallowing (47,49) and mastication (22),
where an independent operation of each 'half-center' can only be demonstrable after a
midlinetranscction.
The apparent independence of each oesophageal NPG raises the question as to
how bilateral synchrony is achieved. Since peripheral fibers (rom the rat oesophagus
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probably project unilaterally \0 the NTS,. synchrony of afferent input to NPGs in each
hemi·medul1a may be of primary importance.
tn conclusion, the present work provides corroboratory evidence that: (i) primary
and secondary peristalsis are subject to similar central control; (ii) activation of
muscarinic cholinoceplors associated with NTS, neurons is a common step in generating
oesophageal peristalsis and (iii) oesophageal premOlar control is effected by a
predominantly unilateral pathway from the NTS. to the AMB,. These findings provide
the basis for !he following investigations directed loW.1fd unravelling Ihe physiological
and pharmacological mechanisms governing synaptic transmission from NTS, 10 AMB,.
Chapter Four
Excitatory amino acid receptors mediate solitario-ambi):unl synaptic transmission
4.1 Introduction:
The experiments described above have confirmed and further defined the critical
role of the N"rS,-AMB, pathway in the generation of oesophageal peristalsis. It appeared
logical therefore to investigate the identity of Ute neurotransmiuers involved in
transmilling the input from the NTS, to the AMB,. Neurochemical and pharmacological
studies have already established a diversity of neurochemical inputs converging on the
AMB, (sec chapler one). As mentioned previously, an EAA-like substance may be
considered a plausible candidate for primary transmitter of the solitaro-ambigual
ocsophagomotor pathway.
Glutamate acts through both NMDA and non-NMDA (kainatelquisqualate)
receptors in mediating synaptic transmission (27.130,205). The non·NMDA subtype is
generally considcn.."d to principally contribute to generating fast EPSPs in the mammalian
eNS (130). With regard to the NMDA subtype, the view has been expressed that Ihe
Mgh-mediatcd vollage dependence of these receptors (98,131) precludes their
involvement in low frequency synaptic transmission (26). On the other hand, there is
evidellce from both ill \'ivo, and ill \'itro experiments to suggest NMDA receptors play
an important role in fast synaptic information transfer (18,60,75,151,188,189).
Morcover, NMDA receptors have been implicated in central rhythmogenesis during
locomotion (67), swallowing (70,104), mastication (101), and in spinal interneuron-
molonCUTOn synaplic transmission (74, III, 151).
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The present study was designed to examine the hypothesis that NTS, neurons
employ a glutamate-like substance as transmiuer. In addition, efforts were made to
investigate the role played by EAA receptor subtypes in mediating NTS,-AMB, synaptic
transmission with an emphasis on that played by the NMDA receptor. The contribution
of EAA receptors to the so\itario-ambigual synaptic transmission was lir51 assessed
through ejecting EAA receptor antagonists into the ipsilateral AMB< with a view \0
inhibiting oesophageal peristalsis in l1vo in the anaesthetized animal. Due to the
difficully in achieving well-defined drug concentrations, interpretation was complicated
by issues of antagonist selectivity, localization and mechanisms of action. In an effort
to overcome these problems, synaptic responses of AMB, neurons 10 electrical activation
of solitario-ambigual fibres were examined in an in vilm sagittal brainslem slice. This
preparation permitted stable intracellular recording of AMB, neurons responses while
allowing local application of agonist or antagonist in known concentrations.
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4.2 Methods:
Surgical procedures, techniques for recording swallowing and oesophageal
peristaltic activity arc described in chapter two and three. Fig. 14 diagrammatically
illustrates methods used to activate oesophageal premotoneurons in the NTS, localize
ocsophagomolor sites in the AMB and pressure·eject EAA antagonists at these sites.
For ;/1 vitro studies, rats weighing 80-200 g were anaesthetized with urethane
(Ig/kg, i.p,). The skull was rapidly opened and the brain removed. The brainslem was
hcmiscctc<.l and blocked in an oblique sagittal plane based on anterograde tracing of the
solitario-ambigual projection (68). This preserved the solilario·ambigual pathway. Slices
(350 I'm) were cut on a vibralome at Q·4OC in modified artificial cerebrospinal Ouid
(ACSF). Following 1 h recovery at room temperature in modified ACSF, slices were
transferred to a submerged type recording chamber and perfused with normal ACSF at
a now rate of 2 ml/min and a tcmperature of 33·34°C. Normal ACSF consisted of (mM)
Nael 126; KCJ 3; CaCl1 2; MgCl1 2; KH1PO~ 1.2, NaHCO) 26 and glucose 10 bubblcd
with 95% 0/5% COl (0 maintain pH 7.3-7.4. In modified ACSF, NaCI was replaced
by iso-osmolar sucrose (I). Sharpened tungsten wires were used for bipolar stimulation
(monophasic square wave pulses of 0.05-0.1 ms duration) of solitario-ambigual fibres.
For intraccllular recordings, glass microelectrodes fined with 3 M KCI or 2 M
K-mcthyl-sulphme (80-140 MO) were used. Intracellular recording and dye labelling
were made with an Axoc:lamp II amplifier. Neurons were voltage-clamped by means of
a single electrode voltage clamp at a sample switching frequency of 3-4 kHz, 30% duty
7.
Fia:ure 14. Diagr.un showing methods used for in viyo ckperimenls. Oesophageal
premotoneurons are activated by topical application of muscarine (MUSC) with a
microsyringe to the extraventricular surface of the NTS. Test pulses of glULamate from
a two-barrel micropipette are used to locate the AMB.. where glutamate evokes ashen
latency oesophagomolor response (shown in Fig. IS A). An EAA antagonist, T-DGG or
AP-7, is then ejected at the glutamate responsive site from the second barrel of t.'1e
pipette in order to examine the involvement of an BAA transmitter in mediating the
oesophagomotor response induced by activation of NTS< muscarinic choJinoceptors.
Abbreviations: NTS, nucleus of the solitary tract; TS, solitary tract; DMV.1orsaJ motor
nucleus of vagus and xn, twelfth nerve nucleus.
7S
cycle. The voltage at the head stage amplifier was monitored continuously on another
oscilloscope to test the characteristics of the recording electrode. Membrane potential
and current were displayed and captured on a Nicolet 310 digital oscilloscope and saved
on a computer. Data were averaged and analyzed using a suite of software routines
written in Assysl (AssYSI Lab. Technology, Rochester, N.Y.).
For intracellular labelling, electrodes were filled with 2 M Lie] containing 1%
Lucifer yellow. After a stable recording was obtained, 2 nA negative DC current was
delivered through the recording electrode (or 5·10 min. The slice was kept in the
rC(;ording chamber for at least I h to permll the dye 10 diffuse before immersion in 4%
paraformaldchyde for 24 h. Slices were cut on a vibratome in 40 pm sections for
subsequent examination undcr UV illumination. Sections were mounted on a gel-eoated
slide and coversJippcd with mounting medium containing 80% glycerol in phosphate--
buffercd saline (PHS).
Drugs were either pressure-ejected in volumes of 10-50 pi from a multibarreled
pipcllc positioned within 100 /lm from the recording electrode or applied by bath
perfusion.
Drugs were obtained from Sigma Chern. Co. with the exception of 6·cyano·7·
nitroquinoxaline-2,3-dionc (CNQX, gift from Dr. T. Honore).
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4.3 Rcsulls:
4.3.1 Funcrlonallocaliwtioll oftheAMH.
Test pulses of glutamate (6-10 pille!) delivered al 50 JLlll steps were us~d initially
to locale ocsophagomotor loci in the vcnirolatcraltcgmcnllllll of the medulla. As shown
previously (6), ejection of glutamate at sites in the ventrolateral tcgmentum of the
medulla was effective in eliciting monophasic oesophageal contractiolls (Fig. IS. Idl).
Histological examinations of 25 injcction siles from 18 rats confirmed that all ejection
loci were confined to the AMB< (Fig. IS, right). Ocsoplmgcal responses were elicited
only if the lip of the pipette was within SO JLI11 of the i\MIl,. Accordingly, this l11clhOl.l
was employed to locate the AMB. in the following investigations.
4.3.2 Ambigual BAA receptor blockade uml fictille oesophagefll peristalsis ;ll-1'il'O
As shown previously (chapters 2 and 3), application of Illuscarine (50-100 plllO!)
to the dorsal surface of the NTS induced fictive oesophageal peristalsis (Fig. 16 A lIud
B). When .,-DGG (0.5-1.5 nnlOl; 0::7), a broad spectrum EAII. receptor antOlgonisl
(130), was ejected in the ipsilateral AMB" there was a nearly complete inhibition of the
oesophageal response in 5 animals and a partial inhibition in the other two. In Ihe laller
cases, both the number and amplitude of contractions were reduced in the cervical
oesophagus, whereas in the distal oesophagus the frequency was signiFicantly more
affected than the amplitude (Fig. 1611.). Recovery from T-DGG was complcte wilhin 30
to 60 min after drug application. Application of AP-? (0.5-1.5 omol; n=6), a specific
NMDA receptor antagonist, quantitatively and qualitatively mimicked the effect of 1-
DOG in blocking the muscarinic-evoked oesophageal response (Fig. 1613), albeit with a
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Figure 15. Oesophagomotor response to glutamate. Left: Single pulse of
glutamate (8 pmol) ejected at the tip of the AMB, (right) evokes a propulsive oesophageal
contraction. Right: Fluorescence darkfield-photomicrograph of the injection site marked
by bis-benzimide (0.03%) mixed with the glutamate solution, as seen in a sagittal section
through the nucleus ambiguus. The caudal third of the AMBc blends into the
semicompact formation of the nucleus ambiguus. VII.: facial motor nucleus.
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F1:ure 16. Blockade of fictive oesophageal peristalsis by inlrumbigual EAA
antagonists. Records from two animals. The panels from top 10 bottom arc: the control
response to muscarine (0.1 omol; downward triangles), applied to surface of the
ipsilateral solitarial complex; blockade oflhe response: 5 min aner r-DGG (2 nmol, lert)
and AP-1 (2 omol, right) injected into (he AMB..; and recovery of the response 40 min
later. Calibrations: vertical bar represents 1.3 pKa, horizontal 40 s for A and I min for
B, respectively.
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shoner duration (20-30 min). Full blockade of the muscarine-evoked ocsopllagcal
response was evident in 4 animals and panial blockade in the other two after ejection of
AP-7. Neither 1'-DGG nor Ap·1 altered basal oesophageal pressure or respiration.
Ejections of an equal volume of vehicle (ACSF) inlo the AMB. had no ~lectable dred
either on oesophageal pressure or m~ne-induu.:Joesophageal peristalsis (sec also
Figure 28B in chapler 6).
4.3.3 Synaptic nsponru 0/ AMB. neurons in vitro
Synaptic responses of ambigual neurons were evoked by electrical stimulation of
solitary afferents (Fig. 11A). Intracellular recordings were obtained from 70 AMBo
neurons in slice preparations which met the following criteria: (i) resting membrane
potential greater than -55 mV C-66±5 mY; mean±SD); (ii) spikc(~75mY) in response
to depolarizing current injection (0.6 10 1.2 nA).
Sixty-nine of 70 neurons generated an EPSP as judged by: I) amplitude varying
with stimulus intensity; 2) an all-or-none action potential superimposed on the EPSP
evoked by suprathreshold stimuli and 3) blockade by tetrodotoxin (ITX, I pM) or Mn1 +
(5 mM). In only I of 10 cells fl;o.urdcd with a K-methyl SO~ electrode was there any
evidence for an IPSP. Most EPSPs had two (rarely three) discernible peaks (Fig. 111l).
At low stimulus intensity, the EPSP consisted of a monophasic wave with a relatively
slow tate of rise and smooth decay. At intermediate intensities, the EPSP occasionally
displayed a second delayed peak. Since the latter was evident with both chloride or
methy!sulfate-filJed electrodes, it was not considered an IPSP. This component was not
investigated further. At high intensities but still below spike threshold, the EPSP
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Figure 17. Intracellular recording of ambigual EPSP in vi/rD. A: Schematic
diagram showing pathway from the NTS, to the AMB•. The topographic trajectory of
the NTS, afferents t'J the AMB, is based on anterograde tracing experiments (68). In
slices, the pathway was stimulated as shown. DMV: dorsal motor nucleus of vagus; VN:
vestibular nuclei; NC: cuneate nucleus; VII.: facial mOlor nucleus; T: solitary tract.
8: Variation of EPSP in AMB, neuron with stimulus intensity. Stimulation of the
solilario·ambigual pathway produces a multi-component EPSP. At the low intensity only
lhe low-threshold slow (LTS) component is present. A delayed component, found in a
minority of cells at intermediate stimulus intensities, is indicated by the '.'. At high
stimulus intensities a rapidly rising component is present. Subtracting the EPSP elicited
at 2.9 rnA from thai evoked at 3.4 rnA reveals the high-threshold fast (HTF) component
shown at bottom.
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displayed a larger amplitude willi a greater rate of rise. In the following, the two
components of interest are designated low-threshold slow (L1'S) and high-threshold fast
(HTF). The RTF component as revealed by digital subtraction is illustrated in Fig. t7B
and can be seen 10 consist of a large early component and a smalitaiJ. Both LTS and
HTF components had a similar latency of onset although in some cases the Jailer
appeared 0.5 ms before the former. With a sufficiently strong stimulus. the evoked
EPSf' higgere<! an action potential. The synaptically activated spike was initiated at the
peak or on the falling phase of the HTF component (Fig. 18B). Irrespective of stimulus
intensity, no more than a single spike could be elicited. During laIc rcpolariz.atioll of the
spike, the LTS component was attenuated (Fig. 18B).
4.3.4 BAA receptor antagonists and tlte ambigual EPSP
The contribution of EAA receptors in mediating the EPSP was examined by using
EAA receptor antagonists. Stimulus intensity was bcluw the threshold for spike
initiation, but sufficient to evoke the HTF component. In 8 out of 10 cells, bath
perfusion with AP-7 (10-50) JlM reduced the peak amplitude of the EPSP by 8 to 30%
(2S±7.4%). Digital subtraction revealed that AP-7 completcly blocked the first peak
corresponding to the RTF component, inclUding its tail (Fig. 18A). The EPSP recovered
within 10 min upon washing. In the remaining two cells with slower rising EPSPs, AP-7
did not have an appreciable effect. Kynurenate (l mM) added to the perfusate reduced
the peak amplitude of EPSPs in II out of 14 cell tested by 72 ± 22%. Both the HTfo
and LTS components were depressed as revealed by subtraction (Fig. l8A). The EPSPs
evoked from the remaining three cells (including the two AP-7 insensitive ones) were
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F1gure 18. EAA antagonists inhibit the evoked EPSP and synaptically generated action
potential. A: AP-7 (30 101M) selectively reduces the HTF component while kynurenate
(I mM) reduces all components of the EPSP. Lower panel shows the Ap·7 sensitive
component obtained by subtracting trace 2 from trace 1 and the kynurenate sensitive
component oblained by subtracting trace 3 from trace 1. Note low amplitude tail of the
AP·7 sensitive component. B. Stimulation (9 rnA) evokes a spike arising from falling
phase of the HTF component (Control). Application of AP-7 (SO ~M) blocked spike
generation along with the HTF component (AP-7). During wash the EPSP recovered
with intennillenl spike failure. Complete recovery was obtained within 10 min upon
washing (Recovery). Stimulus artifact was attenuated for clarity. A and B are from
differenl cells.
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resistant 10 kyurenate. The effect of bath applied CNQX (:5·10 ~M: 0=11) was
qualitatively similar to that of kynurenatc in that both components of the EPSP were
suppressed. However, in some cells, CNQX was leu erfl.'Clivc (hom kynurcn.llc.
Reduction of the EPSP ampliludeby CNQX was 45.6 ± 7.15%. In contrast. the EPSIl
was resistant to bath application of dihydro-B-erylhroidinc (100 11M; 0=5. not shown),
a nicotinic cholinoc:cptor antagonist (37,194).
The effect of Ap·7 on spike initiation was also investigated. AP-? (50 14M) either
completely blocked the spike (Fig. 18B; 0::2) or increased its threshold (n=2; increasc
by 10 and 50%. respectively).
4.3.5 Glycine DI/d the Qmbigual EPSP
Blockade of the NMDA receptor-mediated component by both kynurcnatc and
CNQX might result directly from competition at the glycine site or indin."Ctly from
blockade of a ·priming- non-NMDA receptor-mctlialed postsynaptic membrnnc
depolarization. To pursue the first possibility, protection experiments with glycine were
carried out in an attempt to reverse the blockade of NMDA receptor· mediated component
by these two antagonists (98,186). As illustrated in Figure 19, in all cells tested glycine
(50·1000 JolM) in the presence ofslrychnine (1-100 JolM) failed 10 reverse thc ant.1gonist
action of kynurenate (n =5) or CNQX (n =2). In fact, glycine enhanced kynurcnatc (Fig.
19A) inhibition of thc EPSP. In the absence of kynurenate, glycine plus strychnine (1-
100 JolM each, n=4) or glycine alone (100 JolM, J1 "'3) seleclively and reversibly inhibited
the EPSP including the AP-7 sensitive component, without altering the resting membrane
potential (Fig. 198). The residual EPSP was resistant 10 AP-7 (SO JolM, not shown) and
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Figure 19. Unexpected depression of the solitario-ambigual EPSP by glycine.
EPSPs (A and B) evoked by stimulation of solitario-ambigual fibres recorded from two
AMBc motoneurons (RMP -70 and -71 mV respectively). EPSPs from the same neuron
are superimposed for comparison. A: Failure of glycine to protect the NMDA-mediated
component from antagonism by kynurenate. Note the slower rising phase of the EPSP
with AP-7, indicative of an early NMDA component. In the presence of glycine,
depression of the NMDA component by kynurenate is not reversed. Instead, the
inhibition is enhanced. Drug concentrations used: 50 IolM Ap·7, I mM kynurenate,
glycine plus strychnine (100 JlM each). B: Glycine plus strychnine (50 JlM each)
significantly inhibit the EPSP without altering the RMP. Note that glycine suppresses
the AP-7 component as indicated by the slower rate of rise and reduced amplitude of the
residual EPSP. The remaining EPSP is further reduced by addition of 1 mM k)lnurenate.
as
was further reduced by addition ofkyurenate (I mM, Fig. 198). This glycine mediated
inhibition was dose dependent (over the range of 1 to 1000 11M) and rcvmible within
20 min of washing.
4.3.6 VolkJgt drptndtllu 0/ NMDA tumnls
The unusual features of the IITF component described above prompted
investigation of the propenies of NMDA-mediated inward current at the resting
membrane potential. Five AMB, cells were voltage-damped at their re:lting membrane
potential (-57 to ~8 mY; -62±5 mY) in the presence of I pM ITX. B.1th application
of 20 ~M NMDA resulted in a net inward currenl which varied from 80 to 500 pA
(269±189 pAl. The voltage dependence of the NMDA·induccd current from these cells
was determined by applying a computer-driven slow vollage ramp starting 30 mV
negative 10 the holding potential (range 60 mY; 2 mVls). As shCtWll in Fig. 20. the
NMDA-induced inward current revealed a negative slope rcgioo between -90 to -40 mV.
Membrane Voltage (mV)
-100 -90 -eo -70 -60 -so -40 -:50 0.0
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Figure 20. Current-voltage relationship of NMDA-induced current from a AMB.
neuron. NMDA current is obtained by subtracting the control current generated by a
slow potential ramp (2 mV/s) in ITX (l ~M) (rom that recorded in the presence of 20
~M NMDA and 1 I'M lTX. Note the negative slope over the range of·90 to -40 mY.
The resting as well as the holding membrane potential is -65 mY. At this membrane
potential the NMDA induced current is about 450 pA,
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4.4 Discussion:
The main finding of this study is that EAA receptors arc involwcl in synaptic
transmission at the level of brainslclll vagall1loloncurons. Whil~ both Nf\.1DA and 1I0n-
NMDA receptors contribute to alllbigual Ersp generation, illllay be the activation orlhe
former that is required for an integrated motoneuronal response. Since EPSPs of 1':11
AMB motoneurons have nOI previously been described in a slice preparation, separate
commenl may be appropriate before discllssing the specific role orillc NMDA TI.'Ccplllrs.
4.4.1 Ambig/lal EPSPs ill )';1"0
The sagittal slice preparation developed for the present study preserves the major
afferent input to AMIl" Le. the projection from the NTS< (6.28,68), This dense <l1ll1
circumscribed projection connects the arrerent and crrerellt limbs of the ocsophagomoltJr
reflex arc (28). The topography of stimulation site~ from which robust EPSl's were
obtained was in register with the trajectory of these solitariu'<lmbigualliber bundles. As
noted previously the AMB compleK may n:ceivc a chulinergic input frolll a source other
than the NTSc ' However, involvement of an extrnsolit<lry cholinergic pathway in the
synaptic responses under study can be ruled out because the EPSP was inhibited by EAA
antagonists, but not by dihydro·B·erythroidine, which blocks nicotinic chlilinuceptor-
mediated excitation of ABM< neurons (st:e scction 6.3).
The variation of EPSP configuration with stimulus intensity, as well as its
pharmacological features, demonstrate the complexity of underlying synaptic events. For
convenience, two major components were distinguished, although this is obviously an
oversimplification. In keeping with the in vh'o observations, the present analysis focused
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on the All.? sensitive EPSP component.
4.4.2 NMDA mediated componellt of EPSP
Based on Ihe available data, the HTF seems identical with the AP-7 sensitive
component. Since the HTF component was also eliminated by kynurenate, an
endogenous high-affinity competitive antagonist at the strychnine-insensitive glycine site
of the NMDA receptor (13,108), it may be attributed to activation of NMDA receptors,
This nOlion is also supported by the results obtained in the present study that AMBo
neurons possess a significant voltagc-dependent NMDA-mediatcd inward current.
111C novel feature of the NMDA component is its rapid rate of rise, which is at
variance with observations in mosl Olher areas of the eNS (3,59,78.111,114,170) where
NMDA componclIls reportedly have a slow rale of rise and slow decay. The only other
region 10 d<lIC in which a similar EPSP has been described is the granular layer of the
ral ccrebcllum (38) (bul sec also (173». In light of binding (153), conductance and
kinctic mc.1surcments (89), there are no longer any reasons for excluding NMDA
receptors from cOlllributing to the rising phase of the EPSP. In the present work, the
only slow NMDA component observed was of low amplitude.
Several factors may account for Ihe high activation threshold of the NMDA
component. First. NMDA and non NMDA receptors could be activated via different
fibres. the ones innervating NMDA receptors having a higher threshold. At present,
there is no evidence to support this conjeclure. On the contrary, NMDA and noo-
NMDA receptors arc reportedly co·localized and co-activated (3,111,188). Second, a
non·NMDA EAA receptor-mediated postsynaptic membrane depolarization of sufficient
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magnitude may be required to remove the MgH blockade of the NMDA TI..'CCplor·gatcd
channel (131,150). Although this explanation is difficult 10 reconcile with the short
latency of the NMDAlHTF component compared with the non-NMDA/LTS component,
it would be premature to rule out the conlribution of such a mechanism at this lime.
Finally. the possibility also exi~ts thai this pathway may use anolher mediator beside an
EAA-Iike subslancl:. If this were the case, this substance would play an imporlanl role
in expression of the NMDA component. With bath application of NMDA, the currents
recorded in AMB, neurons were insufficient to generate the full amplitude of the HTF
(NMDA) component. Given an average NMDA current of 270 pA at the rcsting
membrane potential and an input resistance of 40 MO (sec chaptcr 6), lcss than half of
the HTF component would be accounted for. However, this could be a gross
underestimation due to factors such as desensitization of the NMDA receptor (115,129)
and the possibility that the endogenous agonist may attain a very high intrasynaptic
concentration and possess higher efficacy.
A significant feature of the NMDA component is its relationship to spike
production. The synaptically-driven spike was typically evoked at or immediatcly
following the peak: of the NMDA component. MOleovcr, it was inhibited by AP-7.
Interestingly, AMB, neurons exhibit a relatively high threshold for spike initiation.
Substantial depolarization is required to elicit spikes either synaptically or by intracellular
current injection. It appears that only the NMDA component has the requisite rapid rate
of rise and induces sufficient membrane depolarization to bring cells to their firing level.
This accords well with the in vivo results demonstrating that rhythmic oesophageal
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activity evoked from the NTSe could be completely abolished by AP-7.
4.4.3 Physiological function of ambigi/ol NMDA receptors
The parallelism between In vivo and in vi/ro findings strongly suggests a role of
NMDA receptors in the generation of oesophagomotor output from the mlC1eus
ambiguus. The synaptic mechanism implicated in spike generation in vitro provides a
basis on which to clIplain the ill vivo blockade of oesophageal peristalsis by the NMDA
antagonist AP-7. However, a hiatus still remains between the present in vivo and in vilro
dala. In slice preparations, rhythmic oscillatory activity was neither present nor could
it be induced by pharmacological manipulations. Nevertheless intrinsic rhythmogenic
properties have been altribulcd by Olhers to AMB, neurons (39). Moreover, the
apparently selective effect of E.AA antagonists on oesophageal contractile rhythm, rather
than amplitude, would support the notion that ambigual motoneurons play an active part
in ocsophagolllOlor rhythmogcncsis. The possible advantage of an NMDA receptor-
operatcd input into what appcar to be rathcr sluggish, i.e. difficult to excite, motoneurons
can only be conjcclun..'d. 'nlis receptor-ionophore complex is however noted for its
plasticity and susceptibility to modulation.
4.4.4 NOli NIIIDA-metiiated compollelll oj tI,e EPSP
Non-NMDAlEAA receptors appeared to mediate the LTS component, as shown
by sensitivity to CNQX and kynurcnate, but not AP-7. Although reportedly selective for
non-NMDA receptors (3,78.80), CNQX failed to discriminate between the Ap·7 sensitive
and the Ap·7 insensitive components when tested at concentrations in the range of 5·10
~M. This nmy renect an antagonist action of this drug at the glycine modulatory site that
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is linked to the NMDA receptor (107,181). Alternatively, the non-NMDA induced
depolarisation may be required for removal of the Mg1+ blockade (186).
Protection experiments with glycine should have distinguished between these two
possibilities. Glycine, a co-agonist acting allhe strychnine-insensitive site on the NMDA
receptor (98,193), has been shown to potentiate NMDA-mediated currents (98, t 15) and
EPSP (189), and reverse inhibition ofNMDA responses by both kynurcnatc (13,I08)and
CNQX (107,187). It is intriguing that glycine nOI only failed to reverse the antagonism
but actually enhanced the antagonistic action of kynurenatc. Besides its effect on the
NMDA receptor, the only other eleclrophysiologically characterized action of glycine is
as an inhibitory agonist at the strychnine-sensitive Cl"channel (34,98). Neither of these
glycine effects can account for the present results. Among many explanations, the
simplest one is that glycine has yet another modulatory role. As a working hypothesis
it is proposed that another transmitter besides an EAA may contribute to the generation
of AMB. EPSP. Integrity of the unknown transmitter-mediated component is required
for expression of the NMDA-dependent component. Glycine could modulate the actions
of the unknown substance and thereby exert its inhibitory effect on the EPSP. As
regards the unknown transmitter, somatostatin appears to be a logical candidate because
of its presence in NTS. cell bodies and their terminal aJCons in the AMBo (28) and ils
synergistic interaction with glutamate (43,85). Thus, further effort was made in the
following investigation to determine if SST contributes 10 the generation of the EPSP and
if glycine, synergizing with kynurenale, modulates the action of somatostatin on AMB.
neurons (Chapter 5).
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In conclusion, the results obtained provide evidence supporting the following
hypotheses: (i) the primary transmitter at the solitario-ambigual synapse is an EAA·like
substance; (ii) activation of both NMDA and non· NMDA excitatory amino acid receptor
subtypes is involved in mediating synaptic transmission at this site; (iii) activation of
NMDA receptors is necessary for functional information lratIsfcr in the solitario-ambigual
pathway and (iv) another transmitter substance besides an EAA may contribute 10 the
generation of the ambigual EPSP.
Chapter Five
Somatostatin contribution 10 the amblgual EPSP
5.1 Introduction:
Somatostatin (SST), first isolated from bovine hypothalamic extracts as a
Msomatotropin-release inhibiting factor M(SRIP) (17), is now regarded as a brain
neurotransmillerlneuromodulator (54) in keeping with its presence in nerve endings (28),
calcium-dependent release (87) and high affinity binding to neuronal membranes (177).
Disparate excitatory and inhibitory effects of this peptide have been reported in
hippocampal cells (44,145,156,169). However, postsynaptic potentials auributable to
SST have yet to be identified.
AMBo motoneurons of the rat receive a dense projection of SST-containing fibers
from the NTS. (28,31). The availability ofa brainstem slice containing this functionally-
defined pathway (see previous section) thus affords an excellent opportunity for
investigating the problem of whether this neuropeptide contributes to the generation of
synaptic potentials.
As shown in the previous chapter, use of this preparation revealed a complex
EPSP, in whieh NMDA receptors playa pivotal role and contribute to the rising phase.
Surprisingly, the NMDA co-agonist glycine, in contrast to its action at other NMDA
receptors (13,98,108,187, 189,193), neitherenhanccd the NMDA component of the EPSP
nor reversed kynurenate inhibition of the component. Instead, it exerted a synergistic
effect with kynurenate in suppressing the EPSP by acting at a strychnine-resistant site.
This unusual action of glycine suggested involvement of a transmitter besides an EAA.
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In lhis regard, SST appeared to be a logical candidate because of its presence AMBo
afferents. Moreover, one postulated function of peptides is to modulate actions of
transmiuers. Therefore, the working hypothesis was that SST may function as a
transmitter and/or modulator regulating the expression of the NMDA component of the
EPSP. Accordingly, glycine would exert an indirect inhibitory effect on NMDA
component via modulating the action of SST. To test this hypothesis, use was made of
the SST depletor cysteamine (16S,180,204).
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S.2 Methods:
Preparations of sagittal brainslem slices and intrncellular recordings of AMB.
EPSPs in vitro and the techniques used 10 record and evoke swallowing iI/ vil'() was as
described in previous chapters.
To deplete SST content of the tissues ;n vitro, slices were pretreated with
cysteamine (CSH, 200 11M) at least for one h and then recordings were carried out in the
presence of CSH 200 JtM in the bathing medium. Somatostatin·14 (SST; Sigma. leI No.
77F-00572) was pressure ejected from a pipette within 100 ,urn of the recrJrding sileo
In vivo, NTS. neurons were activated by topical application of muscarine (100
pmal) to the dorsal surface of the NTS. The AMB. was located by lest pulses of
glutamate (6-8 pmol) pressure-ejected from a two-barrelled glass pipette (see section 4.2)
followed by 3-6 ejections at 30 min intervals oreSH (0.5-1 nmol) from the other barrel
of the pipette to deplete SST content in the AMB<.
For SST immunohistochemical staining, 40 JIm thick vibr:l.lomc sections of lhe
paraformaldehyde-fixed brainstem (section 3.2) were stained for SST like
immunoreactivity employing the peroxidase-anti-peroxidase method. Antiserum to SST
was obtained from Incstar Corp. and was used in 1:5000 dilution.
5.3 Results:
5.3.1 SST dtpletion and tht ambiguaJ EPSP
The involvement of SST in generating the ambigual EPSP was first examined by
depleting the SST content of the slice with CSH. The working hypothesis predicts loss
of the NMDA component of the EPSP and the ability of glycine to suppress the EPSP
following depletion of SST. Results shown in Fig. 21, support this prediction. Thus,
treatment of slices with CSH (200 ~M) from I to 4 h had no effect on membrane
potential (·69±7 mY, n=12) when compared with untreated slices (-70±6 mY; n=1O),
nor did it alter the amplitude and duration of current-evoked spikes in these neurons.
However, the NMDA component of the EPS;" was no longer present in any of the cells
tested as shown by the ineffectiveness of AP-7 to reduce the EPSP. (Fig. 21A; n=4).
Moreover, glydne (I()()..200 ~M) failed to suppress the EPSP in 9 cells from 7 slices
(Fig. 21B), although it did so invariably in untreated slices (see Fig. 19 in section 4.3).
This was not due to chemical interaction between CSH and AP-7 or glycine because in
two slices, CSH was washed out for up to 4 h and under these conditions in 3 out of 4
cells, both AP-7 and glycine again did not alter the EPSP. In the remaining cell, the
NMDA component recovered after waShing CSH and glycine was again capable of
reducing the amplitude of the EPSP, including the AP-7 sensitive component.
5.3.2 AMB. response to exogenous SST
To further testlhe possibility that SST functions as a transmitter in the generation
of the AMB. EPSP, postsynaptic responses of AMB. neurons to exogenous SST were
investigated. In about half of the cells tested, SST (0.1-0.3 pmol) evoked either a fast
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Figure 21. The effect of depleting SST content by cysteamine (CSH) on the
salitario-ambigual e.p,s.p. Upper traces are averaged e.p.s.p.s of a single AMB, neuron
recorded from a CSH (200 ~M, for more than 1 h) treated slice. Lower traces were
obtained by subtractions as indicated. Both glycine (200 11M, A) and Ap·7 (50 11M, B)
fail 10 suppress the c.p.s.p.
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(lime to peak 1 5, duration 2-4 5; n:::: 10; Fig. 22A) or a slow (time to peak 3·10 5, 40-
1205 duration; 0=20; Fig. 22E) membrane depolarization with or without a following
hyperpolarizing component. Voltage clamp experiments revealed a corresponding fast
or slow inward current with a time course matching that of the membrane depolarization
(Fig. 228). In nine cells, SST only produced a predominant hyperpolarizing response
which was usually accompanied by rapid membrane potential fluctuations as shown in
Fig. 22C, It should be noted that alilhese effects were resistant 10 ITX (I ~M). In the
remaining cells (0=24), SST had 110 detectable effect on resting membrane potential or
current on its own (Fig. 220).
5.3.3 Moduwion of SST actions by glycine and kynurenaJe
In light of the synergistic inhibition of the EPSP by glycine and kynurenate, their
effects on AMBo neuron responses to exogenous SST were investigated next. Bath
application of kynurenate (l mM) in the presence of TTX (I ~M) reversibly inhibited
bolh the SST-induced fast membrane depolarization and inward current (n=5) without
markedly affecting hyperpolarizing and/or slow depolarizing respon~ (n= 13; Fig 22A
and 228). However, in the presence of glycine plus strychnine (10-1000 IlM each)
kynurcnate not only effectively suppressed both SST-induced fast and slow depolarizing
responses, but also enhanced the hyperpolarizing response (Fig, 22C; n= 11). Moreover,
in 3 of 4 cells on which it had no effect initially, SST produced a pronounced membrane
hyperpolarization in the presence of kynurenate (I mM) and glycine plus strychnine (50-
1000 liM each; Fig. 22D), Glycine alone (10-)00 JIM) enhanced the SST-induced
hyperpolarization and slightly inhibited tlle slow depolarizing response (Fig. 22E). The
Figure 21. Modification of the response to exogenous SST by kynurcnate and
glycine. Neurons had resting membrane potentials (RMP) ranging from -66 to -71 mY
and were recorded in the presence of 1TX (111M). A: Pressure ejeclion of SST (0.05
pmol, arrowhead) evokes a fast membrane depolariution followed by a small
hyperpolarization. Bath application of kynurenate (I mM) selectively inhibits the initial
fast depolarization without significant effect on the hyperpolarizing response. Full
recovery within 10 min of wash. B: Current response to SST under voltage clamp at a
holding potential of -69 mY, 1.. "'0. SST evoked a fast inward current and a slow
outward current followed by a late inward currenl. The major effect of kynllrcnate is
suppression of the fast inward current. Partial recovery after 5 min wash. C: SST (0.1
pmol) produces a membrane hyperpolarization accompanied by brief depolarizing
fluctuations. The combination of kynurenate and glycine (I mM each) dramatically
enhances the SST-induced hyperpolarization and reduces the depolarizing fluctuations.
Recovery within 10 min of wash. D: Minimal response to SST becomes hyperpolarizing
in the presence of kynurenate (I mM) and glycine plus strychnine (50 p.M each).
Recovery after 10 min of wash. E: SST evokes a slow depolarization follo'NCd by a
membrane hyperpolarization. Glycine (40 p.M) inhibits the former and enhances the
latter. Addition of I mM BaH restores the depolarization and reduces the
hyperpolarization. Partial recovery of the SST response after 20 min wash.
Control Kynurenate Washout
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SST induced hyperpolarization, panicularly its enhancement by glycine. was reduced by
bath perfusion with l-S mM Bah (Fig. 22E; 0=3).
5.3.4 SST dtplttion and fien'llt oesopluJgUJI pf!ristolJis in. l!i)'O
Since SST appears essential for expression of the NMDA response, which in lum
is required for oesophagomotor activation (section 4.3), loss of SST input to AMB"
neurons should mimic the action of NMDA antagonists in 111'0. This was tested by
means of depleting intfa·ambigual SST content by CSH In vh'O. As ~own in Fig. 23A,
topical application of muscarine (SO-\{X) pmol; nE6) to the dorsal surface of the NTS
induced rhythmic oesophageal activity. Repealed unilateral injections of CSH (0.5-1
omol) into the AMBc did not alter basal oesophageal pressure. However, there was a
progressive impairment of muscarine-evoked peristaltic activity in 5 out of the 6 animals,
as evidenced by a decreased amplitude and frequency ofoesophageal pressure waves and
the duration of peristalsis (Fig. 238, left). This effect was evident ipsilaterally within
one h and peaked within 2-3 h, at which time there was a nearly complete loss of the
oesophageal response in 4 animals and a partial loss in one. In all cases, recovery was
not seen during the remaining period ofobservation (up to 6 h). Oesophageal peristalsis
evoked from the NTS contralateral to the CSH injection was unaltered (Fig. 23B, right).
SST immunohistochemistry in two of the animals revealed a marked loss of
immunoreactive terminals in the injected AMB, (Fig. 23C, left).
f1pre 13. Effect of depleting ambiguaI SST on fictive oesophageal peristalsis.
A: Control (CONl) responses evoked by topical application of muscarine (0.1 nmol,
downward triangles) to the dorsal surface of the left and right solitary complex (!'ITS),
respectively. B: Oesophageal response evoked from the left NTS is severely impaired
after the third application of CSH (0.5 -I nmol), pressure--ejecled in the left AMBo at
intervals of 30 min. Note the unaffected contralateral response. C:
Immunohistochemical staining of sections from the same animal shows a marked loss of
SST immunoreactive tcrminals in the injected AMB. (dark area). CE and DE are
ccrvical and distal oesophageal pressure waves, respectively. Vertical bar represents 1.3
kPa. Upper hori'ZOntai bar represents SO s for A and B. Calibration is 80 #Am for C.
LEFT RIGHT
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S.4 Distussion:
The present work supports the hypothesis thai SST functions as one of the
transmitters and/or modulators panicipating in synaptic transmission in lhe NTS.-AMB,
ocsophagomotor pathway. Specifically, the data presented demonstrate that SST plays
an indispensable role in expressing the NMDA component of the AMBo EP5P and this
action of SST is functionally antagonized by glycine acting at a strychnine-resistant and
non-NMDA receptor site. These observations, therefore, provide evidence for peptide
participation in generating an EPSP in the mammalian C.N.S.
5.4.1 SST-NMDA. interaction
One of the critical roles played by SST in solitaro-ambiguaJ synaptic transmission
is its permissive effcct on expression of the NMDA·mediated component of the EPSP,
as evidenced by the loss of this component following depletion of SST. This effect may
ell.plain why oesophageal peristalsis is abolished after depletion of SST in the AMB. in
\livn. As noted previously, activation of NMDA receptors is necessary for a functional
information transfer in Ihis oesophagomotor pathway (see section 4.3).
Several possible mechanisms may account fOf the permissive effect of SST. First,
one of the unique characteristics of NMDA receptors is the voltage-dependent blockade
by Mg1 ' of the NMDA·activated channels, activation of NMDA receptors requiring a
prior depolarizing postsynaptic potential to remove the Mg1t- blockade (98,131,186).
SST may enable the NMDA receptor to be activated by providing such a postsynaptic
membrane depolarization. Second, in analogy with the GABAA receptor, the NMDA
receptor is known to have several discrete binding sites, through which ligands alter the
lOS
activity of the receptor. In this regard, SST may, like glycine, enhance the NMDA
component by binding to an allosteric site on the NMDA receptor complex. Third, SST
may indirectly modulate NMDA channels via a second messenger. as has been proposed
for ACh mGdulation (128). Obviously, the exact mechanism underlying the interaction
between SST and NMDA merits further study.
5.4.2 Glycine and kynurenale modulaJe AMB. responses 10 SST
The present findings provide evidence for complex interactions between SST and
glycine as well as kynurenate, under conditions where the taller two agents had no overt
effect on resting membrane potential or current. These interactions involve bolh
excitatory and inhibitory effects of SST on AMB. neurons, and their persistence in the
presence of TIX implicates a postsynaptic site of action.
Kynurenate, as a broad-spectrum EAA antagonist, could attenuate responsiveness
to SST by withdrawal of background BAA receptor activity (166). With rr,spcct to the
NMDA receptor at least, glycine should have reversed the antagonism by kynurcnatc
(13,108,186) and partially restored the response to SST which it failed to do.
Furthermore, there is no evidence that glycine modulates non~NMDA EAA rcccptor~
gated ionic channels (98,129,189). Thus, withdrawal of background cxcitation dlX:s not
provide an adequate explanation.
Glycine differed qualitatively from kynurenate in that it reduced the slow
depolarization and enhanced the hyperpolarization induced by SST. Observations with
Ba2+ suggest that glycine might modulate one or more SST receptor regulated potassium
channels to enhance the hyperpolarizing response to SST. Accordingly, such
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enhancement of the hyperpolarizing response could mask the slow depolarization. In
other words, glycine may induce enhancement of the hyperpolarizing at the expense of
the depolarizing component. Besides its effect on the NMDA receptor, the only other
c1cctrophysiologically characterized action of glycine is as an agonist at the strychnine-
sensitive CI'channcl (34,98). Neither of these glycine effects can account for Ihe present
rindings. The hypothesis is thus proposed that glycine has yet anothe.r modulatory role,
as evidenced by its interaction with SST. An intriguing feature of this modulation is the
synergism with kynurenate, which operates to shin the SST excitation toward inhibition.
These actions may account for Ihe unexpected depression of the EPSP by glycine and,
in particular, ils synergism with kynurenate. Both glycine and kynurenate are
endogenous brain constituents and along with ACh (124) may well contribute to the
reported dichotomous actions ofSST (44,145, 156,169). Admittedly, a presynaptic action
rcmains to bc ruled out.
5.4.3 SST COlltributio" to the ambl'gual EPSP
Despite what might appear to be a dissociable SST component (c.r. Fig. 19), it
is not yet possible to characterize a specific portion of the EPSP as somatostatinergic.
SST facilitates glutamate activity. Hence loss of the SST input may well lead to indirect
effects, such as loss of the NMDA component, which is in fact observed in the presence
of glycine. Furthermore, glycine by enhancing the hyperpolarizing response to SST may
distort remaining components of the EPSP.
Taken together, the present observations suggest that SST co-mediates, along with
an EAA, the EPSP in the NTS,·AMB, pathway and that integrity of the SST-mediated
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oomponent is important in !.he produclion of oesophageal peristalsis. In the pathway
studied, SST appears to aet as both lransmitter and modulator blurring the distinction
between these concept5. With regard to modulation, the demonstrated interaction
b .:ween SST, glycine and kynurc:nate may have broad physiological significance beyond
the present fin<lings.
Chapter Six
Nicolinic cholinoceptors 011 oesophageal motoneurons
6.1 Introduction:
Acetylcholine (ACh) applied to oesophagomotor neurons of the AMBo produces
eithcr synchronous or propulsivc contractions of the oesophageal striated muscle tunic
(6). This ocsophagomotor effect is resistant to scopolamine raising the possibility that
ambigual motoncurons possess nicotinic cholinoceptors. To date, there is no clear
evidence to support such a hypothesis. Feline spinal motoneurons have been reported
to be eithcr insensitive to ACh (35) or muscarine-sensitive (112,206), except for one
observation suggesting the presence of nicotinic cholinoceptors on immature rat spinal
motoncurons (97). As regards brainstcm motoneurons innervating striated muscle,
clcctrophysiological or pharmacological evidence for functional nicotinic cholinoceptors
has not previollsly emerged. Recent immunohistochemical and in situ hybridization
studies have shown that some cranial nerve molor nuclei, including lhe nucleus ambiguus
(AMB), do contain nicotinic cholinoceptor-related protein (179) and mRNAs encoding
di fferent subunits of nicotinic choJinoceptors (197). Thus, branchiomotor neurons either
contain or arc capable of producing nicotinic cholinoceptors.
In addition, the presence of cholinoceptors in the AMBo and ability of ACh to
excite AMBo neurons raises the question as to the source of cholinergic afferents to the
AMB.. However, as yet there is no neuroanatomical evidence demonstrating any
particular group o( propriobulbar cholinergic neurons projecting 10 this subnucleus. The
same is also true for the NTS•• an area densely supplied with choJine·acetyltransferase
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(ChAT)-immunoreactive terminals (164), although a peripheral cholinergic afferenl input
10 this nucleus has recenlly been suggested (55,154,185).
The present experiments were undenaken to investigate nicotinic cholinoccptor-
mediated synaptic transmission in the AMBc both in vivo and in vitro. In addition.
possible propriobulbar cholinergic inputs to both AMB, and !IITS. were studied by
combining retrograde tracing and ChAT immunohistochemistry.
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6.2 Melhods:
6.2.) In vi~o erpen'menls
In villO experiments were done on male Sprague-Dawley rats weighing 250-450
g. Procedures for recording pharyngo·oesophageal activity and chemical
microstimulation of brainstem deglulitive structures were as described in previous
chapters.
6.2.2 Neuronal tracing and ChAT immunohistochemistry
Experiments were carried out on 4 Sprague-Dawley rats weighing 250-400g.
Under anaesthesia with sodium pentobarbital (40 mg/kg; ip), the animal was held in a
stereotaxic frame and then intubated endotracheally (68). Swallowing and oesophageal
responses were recorded as described previously (see section 2.2). NTS. and AMB. were
localed by pulses of glutamate (5-10 pmal) pressure-ejected from a two-barrelled glass
micropipette (see se.clions 2.2 and 4.2, respectively). Fluorogold (10%) was ejected at
the functionally-identified site from the other barrel of the pipette in pulses of 0.2-0.5 nl
for a total of about 5-10 nl.
After a survival period of 6-10 days, the animals were anaesthetized with an
overdose of urethane (> 1.2g1kg) and perfused transcardially at 120 mm Hg with
heparinized saline followed by 4%paraformaldehyde in 0.1 M phosphate buffer pH 7.2.
The brain was dissected out and post-fixed in the same fixative for 12-16 hrs.
The brainstem was sectioned (40 ",M) in the horizontal plane on a vibratome.
Scctions were then processed for ChAT-immunoreactivity with the indirect
immunofluorescence method. Sections were sequentially incubated in: (i) 10% normal
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goat serum for 40 min at room temperature; (ii) rabbit antiserum to ChAT (Chemica.
1:1000dilulion), 24 hrs at 4° C and (iii) goat anti-rabbit serum conjugated to fluorescein
isothiocyanatc (FITC, Sigma, 1: 100 dilution), 2 hrs at room temperature, Sections were
washed 4x to min in PBS between incubations.
Fluorogold was visualized with the aid of a zeiss microscope equipped with
ultraviolet filter set - 0365 (excitation-365nm, emission 420nm). The FITe was
visualized by means of a blue excitation filter set (excitation 450·490nm, emission
51Onm).
6.2.3 In vitro experiments
For in vi/fo studies, rats weighing S0-2OO g were anaesthetized with urethane
(Ig/kg, Lp.). The skull was rapidly opened and the brain removed. In order to preserve
cholinergic afferenls 10 the AMBo (see neuronallracing re5ulls described in the following
section), the brainstem was blocked in a transverse plan and sliced on a vibratome
containing modified artificial cerebrospinal fluid (ACSP) at 0-4°C. One or two
transverse slices, 400 Porn thick, containing the AMBo were obtained. Methods used to
intracellularly record AMB. and electrically evoke ambigual EPSP arc described in
section 4.2.
Drugs were either pressure-ejected in volumes of 10-50 pI from a multibarreled
pipette positioned within 50 ~m of the recording electrode or applied by bath perfusion.
Drugs were obtained from the following sources: acetylcholine chloride, sodium
S-glutamate, DL-muscarine hydrochloride, physostigmine and tetrodotoxin (Sigma); 1,1-
dimethy]-4-phenyl-piperazinium iodide (OMPP) and hexamethonium (Aldrich); D-
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tubocurarine chloride (CalBiochem). Dihydro·Jl-erythroidine (gift from Merck Sharp &
Dohmc Res. Lab.). Solutions of these compounds were made in ACSF. The
concentrations were as follows: glutamate, 0.2 M; ACh, 0.1-0.5 M; and 0.01 M fOf the
remaining agents.
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6.3 Results:
6.3.1 In )'i.'o choUnoceptor·mediaJed oesopllagomolor effects
Ejection of ACh (20-.50 pmal) at glutamate-responsive sites consistently produced
synchronous oesophageal contractions involving both the cervical and distal oesophagus.
with or without a small contraction or relaxation of the pharynx (Fig. 24 and Table II),
These responses were qualitatively similar to those induced by glutamate. In 29% orthc
sites, the cervical was larger than the distal component and in 58% of sites the distal
larger than the cervical. In the remaining cases, contractions were restricted to either
the cervical or distal oesophagus, or were propulsive wilh the cervical segment leading
the distal by 1-3 s. Contraction of the oesophagus resulted in pressure wa~cs from 0.5
to 4 kPa in amplitude, which was relatively weaker than that secn during normal
swallowing (from 3 to 10 kPa). The pallem and magnitude of each contraction was
relatively constant for a given site, but varied according to the position of the pipelle tip
within the AMBo. The topography of motoneurons innervating different oesophageal
segments within the AMBo was not systematically studied. However, it was noted that
moving the ejeclion site from rostral to caudal and dorsal to ventral tcnded to shift
contractions from cervical 10 distal levels.
The oesophageal motor response 10 ACh was fully and reversibly blocked by prior
ejection of dihydro-B-erythroidine (DOE, 8-10 pmol, n=6; Fig. 24B). The blockade
lasted 5 to 20 min and was repeatable. Prepulses of either D-tubocurarinc (10-20 pmol,
n=4) or hexamethonium (10-20 pmol, 0=3) failed to depress the ACh-evokcd response.
DMPP (8·10 pmol; n=6) mimicked Ihe effects of ACh, albeit with a delayed onset and
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Figure 24. Oesophagomotor response to ACh. Left: Single pulse of ACh (40 pmal,
triangle) ejected in the AMB. evoked synchronous oesophageal activity in cervical and
distal oesophagus with a small pressure wave recorded in pharynx. Middle: Pulses of
DI3E (8 pmal) 30 s prior to ACh from an adjacent barrel of the micropipette blocks the
ACh·evoked response. Righi: Recovery 25 min after O,BE applicalion.
Table II, Oesophageal responses to glutamate and cholinergic agonists
"Ilonisl.'l' Dosugc(pmol) Llltcncy (~)' DurulillJl t~)'
Glutamate (8) ,-, 0..5 ± 0.03 8 ± 0.8
ACb(8) ,..50 I.) ± 0.2 13.8 ± 1.7
DMPP(6) 6-10 6 ± 0.07 ]5.] ± 4.'
Data were obtained either from cervical or dislal pressure wave. Agonists were
ejected from adjacent barrels of a micropipette inserted inlo compact formation
of the nucleus ambiguus. Number of experimenlS shown in parentheses.
t: Latency corresponds to interval between ejection pulse and the fool of the
oesophageal pressure wave.
*: Interval from foot of oesophageal pressure wave to return 10 baseline.
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prolonged duration of action (fable II). Ejections of muscarine (l().20 pmol; n=5) failed
to eUel! an oesophageal response.
6.3.1 FaciJilollon of glutamDle-ellOkeJ responses by ACh
As both glutamate and ACh elicited similar oesophageal responses (6) it seemed
pertinent to compare both agonists in more detail and to investigate possible interactions
between them. The resulls are summarized in Table n and Fig. 25. Ejection of
glutamate (6·8 pmol) in the AMB, yielded short latency monophasic oesophageal
contractions, which were qualitatively similar to those evoked by ACh except thai their
latencies and durations were shorter (Fig. 25). A pulse of ACh (15·40 pmol) 15·30 s
prior 10 glutamate facilitated the glutamate-evoked contractions (Fig. 25). These
facilitatory effects were dose-dependent within the dose range tested (Fig. 26A) and
lasted for I to 3 min. It should be noted that in cases where a suprathreshold dose of
ACh was used, the glutamate pulse was given at least 5 s after the ACh-evoked
oesophageal pressure wave returned baseline. Prior ejection of DBE (8-10 pm01) did not
aller the glutamate-induced response on its own. However, when ejected 10-15s prior
to ACh. DnE significantly reduced facilitation of the glutamate-evoked response by ACh
(Fig. 268). A similar facilitation was obtained with OMPP, but not with muscarine (5-8
pmol; Fig. 26C). Ejection of an equivalent volume of ACSF at the same sites neither
elicited an effect on its own nor enhanced glutamate-evoked responses. ACSF did,
however, occasionally resllll in a small transient depression of the glutamate response.
6.3.3 IVj'eets ofphysostigmine
The results described above are consistent with the existence of nicotinic
pCE---
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Figure 25. Facilitatory effect of ACh on g!utamalc-evoked response. Oesopllagomolor
responses evoked by glutamate (8 pmal) ejected in the AMB.. Shown ate (rom left 10
right: control response, enhanced response 7 s after application of 30 pmol ACh, and
recovery 2 min later.
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Figure 26. Enhancement by nicotinic cholinoceplor activation of glutamate-evoked
oesophageal response. For each comparison (A, B, C) drugs were ejected in the ABM.
from 4·barrelled pipettes. Control response (Cont) evoked by glutamate (6-8 pmal) has
been normalized. A: dose-dependence of the facilitatory effect of ACh (n=5). B:
inhibitory effect of D~E (8-10 pmal) on the ACh (30 pmal) facilitatory effect (0=8).
e: dfect of dimethyi-4-phenyl-piperazinium iodide (DMPP, 5-8 pmal; 0=9) and
muscarine (MUSe, 5-8 pmal; 0=9)••, 0 and 0 denote significant difference from
control (p < 0.05), from ACh 20 pmal, and from ACh 30 pmal, respectively.
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cholinoceptors in Ihe AMB. region, and thus prompt the question of an endogenous
source of ACh acting at these receptors. This was investigated by ejecting the indirectly
acting cholinomimetic, physostigmine. As illustrated in Fig, 27, prior ejection of
physostigmine (10-20 pmol, 0=6), enhanced the responses elicited by glutamate (6-8
pmol). Not only was the monophasic pressure wave increased, bUI, in some cases a
propulsive component occurred in lhe distal oesophagus 30 s to 5 min following
physostigmine administration. Responses to ACh were enhanced in amplitude and
duration by physostigmine applied either as a prepulse from an adjacent barrel (10-20
pmol, 0=6; Fig. 27) or by intravenous injection (0.15-0.3 j.tlnol; 0=3). 111is
enhancement was greater in terms of amplitude and duration and persisted longcr than
did the enhancement of the glutamate-evoked rcsponse (Fig. 27). The facilitating effect
of physostigmine occurred in the absence of overt changes in oesophageal or pharyngeal
baseline pressures or respiration.
6.3.4 IntlTliJmbigual nicotinic cholinoceptor blockade and ficti~e oesophageal
peristalsis
Facilitation of the glutamate-cvoked response by ACh and, morc to the point, by
physostigmine suggests that local ACh release modifies the excitability of AMBo neurons
via a nicotinic cholinoceptor-mediated mechanism. It seemed appropriate to examine if
nicotinic cholinoceptor antagonists ejected to the AMBo exerted any effect on oesophageal
peristalsis evoked by muscarine from the NTS. As shown in Fig. 28, topical application
of muscarine 50·100 pmol to the dorsal surface of the NTS induced fictive secondary
peristalsis. Ejection of the nicotinic receptor blockers, DRE (0=2, 80·)00 pmol) or
Control
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figure 27. Enhancement by physostigmine of distal oesophageal response elicited
by glutamate and ACh. Lel't: Control responses to glutamate (8 pmol) and ACh (25
pmal). Right: Enhanced response to glutamate at 2 min and ACh at 20 min after
application of physostigmine ejected from same pipette in AMB,.
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figure 28. Effects of AMB, nicotinic cholinoceptor blockade on fictive
oesophageal peristalsis. A: Muscarine (0.1 nmol; downward triangles) applied to the
extraventricular surface of the NTS eJicjl~ oesophageal peristalsis (control). Injoction of
onE (2 nmol) into the ipsilateral AMBo prolongs the duration of MUSe-evoked
oesophageal peristalsis with increase.(, frequency and decreased amplitude of the
oesophageal pressure waves (after OnE). B: Injection of the same volume of artificial
cerebrd.l spinal fluid (ACSF) at the same sile in the AMB, did nol aller Ml.'SC-cvoked
response significantly.
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pancuronium (0=5, 80-100 pmal) at lhe glutamate responsive site in the ipsilateral AMB.
via an adjacent barrel of the pipette did not result in any change in basal oesophageal
pressure, but altered the muscarine-evoked response markedly. Thus, within 10 min
following the injection, the duration of oesophageal peristalsis evoked from the ipsilateral
NTS was prolonged with decreased amplitude and increased frequency of oesophageal
waves (Fig. 28A). Similar results were obtained in all animals tested (0=7). The effects
were reversible within 30 to 60 min. Fictive oesophageal peristalsis evoked from the
contralateral NTS was not affected. Injections of an equal volume of vehicle (ACSF) at
the same site (0=4) had no effect either on resting oesophageal pressure or on
muscarinic-evoked peristalsis (Fig. 288).
6.3.5 Retrograde tracing and ChAT immunocytochemistry
The above resulls prompted further investigations into the propriobulbar
cholinergic projection 10 the AMB. by means of combining retrograde tracing and ChAT
immunocytochemistry. Brainstem cholinergic input to the NTS. was also investigated in
light of the suggested requirement of such an input for the generation of oesophageal
peristalsis (section 3).
In the medulla oblongata, ChAT~immunoreactive (ChAT-IR) neurons, in addition
to their presence in all cranial motor nuclei including the AMB., were found throughout
the parvicellular reticular formation. The largest population of ChAT-IR neurons outside
of the mOlor nuclei (Fig. 29A) comprised a newly described group ofcholinergic neurons
(164,181) coextensive with the zona intermedialis reticularis parvicellularis (ZIRP).
ChAT·IR neurons in this region first appeared 200 to 300 ~m media! and just rostral to
Figure 29. ChAT-immunoreactive neurons in the ZIRP project to NTS. A:
Photomicrograph under ultraviolet illumination of a transverse section showing a group
of ChAT-IR neurons at the level of the rostral AMB. (lower left corner), coextensive
with the zona intermcdialis retieularis parvicellularis (ZIRP) as visualised by FITC
fluorescence. B: Same section under a filter for visualizing whitish fluorogold
fluorescence showing that one of the ChAT-IR neurons in the ZIRP region (indicated by
the arrow in A) is retrogradely labelled by fluorogold deposited at the locus in the NTS,
shown in C. C: Photomicrograph of a transverse section through the NTS, showing the
site of fluorogold injection, which yields the retrogradely labelled ChAT·IR neuron in
A and B. The center of the NTS, was identified under darkfield illumination and
indicated by the '.'. D: Oesophagomotor response evoked by glutamate (8 pmal)
delivered from the other barrel of the pipette at the sile depicted in C. NTS, nucleus
of the solitary tract; TS, solitary tract; DMV, dorsal motor nucleus of vagus and XII,
twelfth nerve nucleus. Calibration bars represent 50 J.lm in A and 8, ISO J.lm in C.
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the AMl\ and then continued fUMer medial up to 400 Ilrn and tmtral 6SO ~m.
respectively. Tnese neurons appeared ovoid or oblong in shape and about 10 11m in
diameter in transverse sections (Fig. 29A).
Following injections of nuorogold at funetionally-defined oesophageal loci in
either the NTS. (Fig. 29 C,D) or the AMB. (Fig. 30 C to El, retrogradely labelled
neurons were found in the ZIRP region on both sides of the medulla oblongata (Fig.29
A,B and Fig. 30 A,B). Contralaterally, fluorescence of the labelled neurons appeared
slightly more intense. The majority of the retrogradely labelled cells were also
immunoreactive for ChAT; however, they represented only a small (melion of the 10lai
population of ZIRP ChAT neurons. For instance, in onc case in which ejection of the
tracer was made in the AMB. (Fig. 30), cell counts from 16 brainstem sections,
CJ:tending from the level of the AMB. to ~ rostral medulla, indicated that 70" (23/32)
of the fluorogold labelled neurons were double-labelled with FITC, Le. were ChAT-IR
neurons. These double-labelled neurons represented 14% (231186)ofthc total population
of the ZlRP ChAT-lR neurons. No obvious difference in shape or size was observed
between double-labelled ZIRP neurons resulting from injections of tracer into the NTS.
and the AMB•.
Although scattered retrogradely labelled cell bodies were also found ;n other
regions of the medulla reticular formation, double-labelled cells were not observed
outside of the ZIRP region.
6.3.6 AMB, neurons and cholinoceplor agonisls in vilro
To determine whether the oesophageal motor response 10 ACh was due to a direct
Figure 30. ZIRP neurons project to the AMBo. Retrogradely labelled perikarya
as visualised by fluorogold fluorescence (A), which are ChAT-immunoreactive as
visualised by the FITC fluorescence (B), are observed in the ipsilateral ZIRP after the
tracer is deposited in the AMBo (C), Note that only neurons within theambigua! compact
formation (c) but not the subjacent perikarya of the semicompact formation (sc) are
labelled as seen in panel D, showing ChAT-immunoreactivity in the same section, E:
Ocsophagomotor response to a pulse of glutamate (8 pmol) evoked from the fluorogold
injection site shown in E and F, which yields retrogradely labelled ChAT-IR neurons
shown in A and S, Calibration bars represent 20 p.rn in A and B, 100 p.rn in E and F,
CE~D,-fL- ~1.3 kPa2 5
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or indirect action on motoneurons, intracellular recordings were made from the AMB,
in brainstem transverse slices. In brainstem slices the AMB. was readily visualized by
its translucence and position with respect to the facial nucleus. All dye-filled neurons
were confirmed histologically to lie within the AMB.. A dye-filled neuron is shown in
Fig.3IA. Only neurons with resting membraIle potentials greater than -50 mV (-66,3
± 2.8 mY; "=33) and capable of generating Na+ spikes in response to intracellular
current injection were included in the analysis. The apparent membrane input resistance
of these cells was 42.3 ± 3.3 MO (0=12).
Pneumophoretic application of ACh (3-5 proal) elicited a rapid depolarizing
response in 31 out of 33 AMB, neurons (Fig. 3IB). In the remaining two cells, ACh
induced a slow DlJE·insensitive depolarization in one and a small hyperpolarization in the
other. The fast depolarization in response 10 ACh was dose-dependent and, when of
sufficient amplitude, was accompanied by spiking. Firing rates reached 60 spikes per
s at the highest dosage tested (Fig. 31B, upper panel). Bath application of physostigmine
(10-6 M; n=3) for 1().20 min enhanced the response to ACh. The enhancement reached
its maximum within 30 min and lasted more than 2 hours after washing. The addition
of tetrodotoxin (1TX, 10-6 M) to the perfusion medium abolished the spiking induced by
ACh whilst the depolarizing response persisted al a slightly increased amplitude and
duration (Fig. 31B, lower panel), presumably reflecting loss of an inhibitory input.
MnH (5 mM; n=4) applied by bath perfusion also failed to alter the response to ACh
(not shown). A pulse of ORE (0.5 - 2 pmol, 10 - 20 s prior to the ACh pulse)
complctcly and reversibly blocked the ACh-induced response. This blockade lasted from
Fipre 31. AMB. neuron response to ACh in vitro A: A lucifer yellow-injectcd
AMB. neuron in a transverse section visualized under UV darkfield illumination. Dashed
line encircles compact formation (medial is toward left, ventral towards bollom) 8:
Depolarizing response to ACh of AMB. motoneuron recorded in a brainslem trans....erse
slice. Upper panel: 5 pmol pulse of ACh gives rise to depolarizalion and spiking (spike
size attenuated by recorder frequency response) which are blocked by prior application
of DBE (1 pmol). Recovery after 2 min. Lower panel: same neuron in the presence of
ITX lett M. Nole lhal the depolarization is actually increased in amplitude and
duration. D.6E antagonism toward ACh persists.
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5 to 10 min and occurred both in the absence (0=8) and in the presence (n =4; Fig, 318,
lower panel) of TIX. Besides blocking ACh responses, OBE at higher doses
occasionally elicited a small transient and inconstant depolarization on its own. Ejection
of an equal volume of ACSF neither elicited a response nor blocked the ACh-evokcd
response.
Limited testing of antagonists by bath application revealed that both
hexamethonium (200-500 I-tM; 0=6) and D·tubocurarine (10·20 I-tM; 0=3) had cffects
of their own; the former producing a sustained depolarization (up to 25 mY) and the
latter a moderate hyperpolarization. The sizeable depolarization induced by
hexamethonium obviated evaluation of ACh-evoked depolarization in the presence of this
agent; however, at the lower concentration tested, clear antagonism was evident with the
ACh test pulses utilized (3-5 pmol). D-tubocurarine reduced the response to ACh by 65-
80%.
As shown in Fig. 32A, application of ACh increased the apparent membrane
conductance as revealed by applying hyperpolarizing current pulses through the recording
electrode (40% increase; 0=2). The increase in membrane conductance had a time
course coincident with the depolarization. Membrane dcpolariz.ation induced by current
injection did not mimic the change in conductance observed with ACh application.
Under voltage clamp, pulses of ACh or glutamate elicited an inward current (n=3).
DBE selectively blocked the current evoked by ACh without depressing that evoked by
glutamate (Fig. 328 and 32C),
Fiaure 32. ACh-induced conductance increase and inward current in two AMB.
motoneurons in vitro. A: Upper and lower traces show membrane potential and current
injoction (300 ms pulses), respectively. Left: Pulse of ACh (5 pmol) produces
depolarization associated with increase in conductance, indicated by docteased voltage
deflection in response to hyperpolarizing current pulses; Right: Depolarizing the
neurone by current injection does not mimic the membrane conductance change observed
with ACh. Band C: Voltage clamp recording from another AMB. motoneuron showing
the inward current evoked by ACh. Upper and lower traces are current and holding
potential (-12 mV), respectively. Control pulse of ACh (S pmol) evokes an inward
current (left) which is inhibited by a pulse of ORE (0.5 prool) 7 s prior to the ACh pulse
(middle). ACh-evoked response recovers 2 min after ORE. C. glutamate (10 pmol)
evokes an inward current in the same neurone (left) not blocked by D8E (right).
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6.3.7 Nicotinic cho/inoceplor-medioted EPSP
Ambigual EPSPs in response to electrical stimulation of ZIRP region were next
studied in slices. AMB. EPSPs were only recorded in one out of three slices from three
animals. As shown in Figure 33A, the amplitude of the EPSP was markedly depressed
by bath application of DAE (100 ,.eM). This inhibition was reversible; full recovery of
the EPSP occurred within 10 min after wash-out of the antagonist.
Recordings from AMB. neurons occasionally revealed spontaneous miniature
EPSPs, whose amplitude and Frequency markedly increased in the presence of
physostigmine (10 p.M) in the perfusate (Fig. 338). Balh application of OBE (100 I'M;
Fig. 338) inhibited both miniature EPSPs and the depolarizing response to pulses of ACh
(3 proal).
Figure 33. Nicotinic cholinoceptor antagonist-sensitive ambigual EPSPs. A:
EPSP elicited in AMB, neuron by single shock stimulation in the ZIRP region of the
rostral medulla oblongata in a transverse brainstem slice preparation. Traces are
averaged from 5 consecutive sweeps. DRE, 100 ~M, applied by bath perfusion
reversibly depresses the EPSP, which fully recovers after 20 min washout of the
antagonist. B: DaE-sensitive spontaneous miniature EPSPs. Traces from a different
neuron show resting membrane potential (Mp) and depolarizing responses evoked by
pulses of ACh (10 pmol, triangles) pressure-ejected from a micropipette. Spontaneous
miniature EPSP, one of which is indicated by the arrow, and ACh-induccd depolarization
(control) are enhanced by physostigmine (Physo, 10 I-'M) applied by bath perfusion and
blocked by DaE (100 ~M), also bath-applied.
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6.4 Dlsc.ussion:
The present findings demonslrate that oesophagomotor neurons of the nucleus
ambiguus are endowed with cholinoceptors which: (i) meet pharmacological criteria of
neuronal nicotinic cholinoceptors; (ii) mediate a fast, agonist dose-dependent membrane
depolarization; (iii) are subject to activation by a local source of ACh, presumably the
cholinergic neurons in the ZIRP which also project to the NTS.. and (iv) may modulate
oesophageal motor output.
6.4.1 Pharmacological proptT1ies of AMB. nicoll'nic c1lOlinoceptors
The ill vivo blockade of ACh responses by ODE, a neuronal nicotinic
cholinoceptor antagonist (37,194), but not by D-tubocurarinc or hexamethonium, suggests
that the nicotinic cholinoceplors in AMB, pharmacologically resemble those prescnt in
prefrontal cortex (194) and on Renshaw cells (36). Thus, the cholinoccptors in question
might differ not only from those in peripheral tissues, but also from those described in
otherCNS structures, viz. the locus coeruleus (53), the medial habenula (132), the dorsal
motor nucleus of the vagus (86), and spinal rnotoneurons (97). Neuronal nicotinic
cholinoceptors in the mammalian eNS are thought to be of several subtypes
(121,149,157), as yet unclassified.
The in vitro antagonist data are preliminary at this point and not entirely in
agreement with the in vivo observations. It should be noted that at the high
concentrations employed, the antagonists had actions of their own. For a complete
pharmacological characterization of this receptor, clearly more work is required including
a wider selection of antagonists, an analysis of dose-response data and tests for
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competitive antagonism. The lauer is necessary in view of the known channel blocking
actions of hexamethonium and D-tubocurarine.
In situ hybridization techniques have revealed the existence ora gene family that
encodes four different receptor subunits (0'2' al' cr. and.Bt> of the nicotinic choJinoceptor
(I97). To form a functional receptor, a ~ subunit has 10 combine with one of the ex
subunits. When expressed in Xenopus ooxytes, receptors containing different a subunits
differ pharmacologically (16,198), suggesting the possible presence of three subtypes of
nicotinic cholinoceptors (121). Based on the in vitro data, the nicotinic cholinoceplors
on AMB neurons reported here resemble those observed in the dorsal motor nucleus of
the vagus (86) and the locus coeruleus (53), both of which contain the same subunit
mRNAs as the AMB (197). The apparent discrepancy between the present in vitro and
in vivo data remains to be resolved.
6.4.2 E/ectropllysi%gical properties ofAMB~ nicolinic receptors
In keeping with other obseIVations on neuronal nicotinic receptors in both the
peripheral (110) and central (52,86,132,206) neIVous system, the ACh-induced
depolarization of AMBo neurons is associated with an increased membrane conductance.
Furthermore, during voltage clamp, ACh induced an inward current. Taken together,
these results suggest that the ACh-evoked excitation in AMB. motoneurons is mediated
by an increased membrane conductance to cations. This mechanism may account for
facilitation of glutamate responses by ACh obseIVed in vivo. By reducing the membrane
potential, ACh would move the cell closer to its firing threshold (52) and thus enhance
glutamate excitability. However, other mechanisms such as allosteric modulation or
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'unblocking' of the NMDA receptor-activated channel remain for funher investigation.
It is significant that ACh-responses were evident when indirect excitatory (or
disinhibilory) mechanisms requiring synaptic transmission via Na" -dependent action
potentials or Ca2+-dependent excitation-secretion coupling had been eliminated by
exposure to TIX or manganese. Under these conditions responses \0 ACh can only be
generated by activation of postsynaptic nicotinic cholinoceptors on perikarya or dendrites
of AMB. neurons.
6.4.3 Physiological role of AMB, nicotinic cllOUnoceptors
The effects of inlraambigual injection of nicotinic cholinoccplor antagonists
suggest that activation of this receptor plays at least two linked roles in shaping
oesophageal output at the AMB. level, increasing amplitude and decreasing frequency of
oesophageal peristaltic contractions. The present experiments do not explain the
mechanism through which modulation of oesophageal peristalsis by activation of nicotinic
receptors is accomplished.
Increased amplitude might reflect increased synchronous excitation of individual
oesophageal motoneurons in the AMB, as a result of nicotinic receptors being activated.
The dendrites of these neurons are reported to form extensive dendritic bundles (10)
which may synchronize AMB, activity via cholinergic synapses formed by AMB, axon
collaterals and efferent dendrites.
The NTS, may generate rhythmic activity at a higher frequency than thai normally
expressed at the level of the AMB,. Thus, the increased frequency of oesophageal
peristalsis observed following blockade of AMB, nicotinic cholinoccptors suggests the
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role of these receptors, at least in part, is to filter this input. The underlying mechanisms
remain to be determined.
Whalever the exact mechanism, the potential modifiability of oesophageal motor
output by activation of nicotinic cholinoceptors suggests lha! AMB, neurons do not
behave merely as passively driven output elements. ACh, acting on AMB. nicotinic
cholinoceptors. might function to modulate the moment to moment oesophagomotor
output at the AMB. level.
6.4.4 Origins of tlle cholinergic input to the AMB.
Facilitation of the glutamate evoked response by inhibiting ACh enzymatic
hydrolysis and modification of muscarine-evoked oesophageal peristalsis by intra-
ambigual nicotinic cholinoceptor antagonism supports the contention that local ACh
release, tonically or phasically, modifies oesophageal motor output at the AMB, level.
This nOlion is further reinforced by the presence of DBE sensitive spontaneous miniature
EPSPs. The question thus arises as to the source of this cholinergic input. AMB,
neurons receive dense afferent inputs from NTS, premotoneurons (6,28). However, since
nicotinic cholinoceptor antagonists failed to block either ambiguaJ EPSPs evoked by
stimulation of the NTS, arrerent fibers (section 4.3) or oesophageal peristalsis evoked
from the NTS, it is unlikely that NTS, neurons utilize ACh as transmitter. Moreover,
ChAT immunostaining (present work) fails to reveal the presence of the cholinergic
marker enzyme in NTS, cell bodies. Instead, the present observations suggest that the
cholinergic input to the AMB, arises, at least in part, from the ZIRP region, because: (i)
cholinergic neurons in the ZIRP were retrogradely labelled by depositing tracer at
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runctionaJlydefined esophagomotor loci in Ih~ AMIl. and (ii) DliG-SI.'lIsilivc AMB, EPSPs
were evoked by stimulation of the ZIRP region in a slitt pn..'paf;\lion.
In the pre~nl study, fluorogold was delivered at a sile where ejcction of
gMamate yielded a short latency oesophageal response. In Ihe C;lSC illustrated in Fig.
30, the injection site is clearly identified as lying within the AMB,. lis adjacent
subdivision, the scmicompaC1 formation of Ihe nucleus, is 1101 inv;uletl by the injL'tIL't.I
tracer. Thus, the method used for the functional idcmilic:uion of AMU. ocsophagl'alloci
afforded considerable precision.
The presence of DBE-scnsilivc AMB. EP5Ps, in response \0 electric,,1 stimul"tion
of the ZIRP region, is particularly signilicllllt. although the number of ubscrvalions were
limited. ACh, in fact, is the First substance 10 be CSI;lblish..-d Ilh;lrm;lcologic-J.J1y as U
neurotransminer in the eNS (75). However, to date, lhe SpillOll motoneuron synapse on
Renshaw cells remains Ihe only clear enmple of a nicotinic cholinergic synapse in lhe
mammalian CNS. The DBE·scnsiLivityof EPSPsobscrvc<J in the prescnt work lenlativcly
implicates ZIRP neurons as the soum: of cholinergic input to the AMB•.
Like other motoneurons, AMB. neurons innervaling miatL'd muscles uf the
oesophagus ulili7.e ACh as a transmiucr. Thus, it is not unrcason;lbJe to suppose thOlt
nicotinic cholinoceplors on AMB< neurons n.:ccive input from neighbouring lllotuncurons
via axon eollaterals or efferent dendrites. Similar intm,ulllbiglial cholinergic conncctions
have been proposed for feline laryngealll1otoncurons (62). Evidence fur such collateral
connections in the rat remains to be detcrmilll..1.1.
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6.4.5 Projections of ZIRP c1lOli/lergic neurons to NTS~
Besides their projection to the AMB" cholinergic ZIRP neurons project 10 the
NTS. However, it will be noled that, as illustrated in Fig. 29, the tracer injection
exceeded the limits of the NTSo• neurons in the lateral part of the dorsal motor nucleus
of the vagus (DMV) being also labelled, Since dendrites of DMV cells extend dorsally
into the NTS and immediate vicinity of the NTS, (159,171), labelling of DMV cell
bodies could have resulted from tmcer being taken up by their dendrites. Therefore,
results from the present work must be interpreted with caution. If the labelled ZIRP
neurons terminate in the NTS" this projection might be responsible for muscarinic
cholinoccptor-Illcdiatcd coupling of buccopharyngeal and oesophageal stages of
swallowing (Chaplers 2 and 3). Tl1ese 2IRP neurons may be required for programming
primary oesophageal pcrisllilsis. Thus, ZIRP neurons projecting !o the NTS, could be
activated by input originating from the bu(:copharyngeal NPG. In support of this
hypothesis. recent anterograde tracing suggests that the ZIRP region may receive inputs
from the NTS" the location of buccopharyngeal premotoneurons (68).
Ap,1I1 frOI\1 the ZIRP, the NTS< may also receive cholinergic inputs from the
oesophagcnl primary afferclIts. Thus, ChAT·IR neurons arc present in the vagal affeient
system (154,185). Moreovcr, oesophageal afferents, after surgical anastomosis with the
accessory nerve, rcinnervate the denervated muscle originally supplied by the accessory
nerve. suggesting thai ACh is the transmiUcr (55). Given that secondary peristalsis is
initialL'tl by distention of the oesophagus (41,134,140,161), peripheral cholinergic inpul
may well be involved in initiilling and programming this type peristalsis. Thus, it may
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be surmised that different sources of cholinergic input to the tITS. may represent the
major difference between lhe cc:ntral mechanisms involved in organizing primary and
secondary oesophageal peristalsis.
[0 conclusion, the present findings provide clear evidence for the existence of
functional postsynaptic nicotinic cholinoceplofS on oesophageal moloneurons of the
nucleus arnbiguus. ACh, acting at these receptors, modifies oesophageal motor output
at the AMB. level. These observations are consistent with the idea thaI AMB.
motoneurona! output represents an integrated response to solitarial and propriobulbcr
inputs.
Chapter Seven
Intcraclions between SST, ACh and glutamate at the AMB<
7.1 Introduction:
As described above, AMB< neurons receive a cholinergic input, which presumably
originates in the ZIRP and impinges on nicotinic postsynaptic cholinoceptors (Chapter
6). In addition. they receive two more prominent noncholinergic inputs from the NTS••
utilizing an EAA-like mediator and SST (Chapters 4 and 5). The interaction of these
agents at the level of the AMB, is likely of importance in shaping oesophageal output.
In light of: (i) the postulated link between SST and the NMDA component of the
ambigual EPSP (Chapter 5) and (ii) the antagonistic interactions between SST and ACh
at pre- (63,64) and postsynaptic (88.145,200) levels. SST might differentially modulate
cholinergic and noncholinergic excitatory inputs 10 AMB, neurons.
The objective of the experiments reported below was to investigate this hypothesis
with particular emphasis on SST-ACh interactions at AMB. nicotinic cholinoceptors.
7.2 Methods:
Methods used both in vivo and in vitro experiments were similar to those
described in previous sections.
t4!
7.3 Results:
7.3.1 SST an.d ,h~ AMB~ nspons~s to ACh in vilro
Data were oblained from 21 AMB. neurons which had ~ing membrane
potentials of ·50 to -86 mV (-67±9 mY) and were capable of generating Na~ dependent
spikes. As described in the previous section, pneumophorctic applications of ACh
elicited a rapid depolarizing response in all neurons tested which was revc:sibly inhibited
by 10 p.M D-tubocurarine, a nicotinic cholinoceplor antagonist, (0=4; Fig. 34A).
Ejection of SST (0.3-0.5 pmal) evoked simple, complex or no change in the resting
membrane potential (Fig. 348, middle; see also section 5.3), However, SST applied
prior 10 the ACh pulse reversibly inhibited the ACh-cvokcd dcpolari7.ation, regardless of
the effect of SST on membrane potential (Fig. 348). The inhibition peaked within 15-30
5, reducing the amplitude of membrane depolarization indLlCCd by ACh to 43.) ± 19.2910
of the control (n"" 10). Complete recovery was obtained within )·10 min. In addition
to the decrease in amplitude, SST slowed the rising phase of ACh-evoked dcpolari7.ation.
Under voltage clamp, ACh evoked an inward current which was also inhibited by
a prepulse of SST. The time course was similar to that revealed under current clamp
(Fig. 34q. Furthermore, the inhibitory effect of SST on ACh-evoked responses
persisted in the presence of Mn2 t- (5 mM; n=2; Fig. 34D) and Trx (IItM; n::=2; Fig.
34E).
7.3.2 SST and AMB. excitabilily in vilro
In contrast to the response induced by ACh, the glutamate-evoked depolarization
was, to some extent, enhanced (40.2±21.491o) by prepulses of SST (0.3-0.5 pmol) in 6
F1lure 34. Inhibition by SST of nicotinic cholinoceptor-mediated excitation in
ambigual motoneurons. Panels A-C are intracellular records from the same neuron with
a resting membrane potential of -61 mY. Panels D and E are from two other neurons
with resting membrane potentials of -67 a.nd -57 mV. respectively. Control responses
are shown on the left. Time intervals refer to time after SST application. Small
arrowheads indicate ACh (5-8 pmol) ejections, the bold arrows that of SST (0.3-0.5
pmol). A: ACh evoked depolarization is inhibited by 10 JtM D-tubocurarine (D-TC)
bath-applied for 6 min. The response progressively recovers at 8 and 12 min after wash-
out. B: ACh-dcpolarization is inhibited following a pulse of SST and recovers after 5
min. Note triphasic complex response to SST. C: Current record, during voltage clamp
corresponding to sequence shown in B demonstrates attenuation of ACh-evoked inward
current by SST at a holding potential of -61 mY. The antagonism of SST towards ACh
was evidclll in Mn1+ 5 mM (D) and TTX I JtM (E) applied by perfusion. Calibration:
horizontal bar 15 Sj vertical bar 15 mV in A,B,D and E, 0.6 nA in C.
B~~+
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D~t~-A,.
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out of 10 neurons (Fig. 35A). This is in agreement with the effects of SST on the AMB"
EI'SP described in Chapler fivc. In the remaining 4 cells, SST did not alter the
amplitude or shape of the depolarization induced by glutamate. SST enhanced the
excitability of these neurons as evidenced by increased spiking during current injection
through Ihe recording microelcclrode (0.6 nA, 150 ms pulses). Within 15-60 s after SST
ejection, the number of spikes generated by 5 successive pulses increased from 10 to 15
(each single pulse from 2 to 3, Fig. 35B). Furthermore, the latency of the first spike
was rcducc<.l from 26.2±7.7 to IGA± 1.9 ms.
7.3.3 IIlUraeliolls betweell SST, AC!l al/d gll/tamate ill vivo
A. similar interaction between SST, ACh, and glutamate was observed in vivo.
As described in the previous section, pressure ejection of ACh (20-40 prool) in the AMB.
evoked <l shorl-lmcllcy, single nonpropulsivc or propulsive oesophageal pressure wave
wilh lillIe evidence of desensitization when repeated at 2-3 min intervals (Fig. 36).
Prcpulscs of SST (0.1-0.3 pmol), which produced feeble, inconsistent oesophageal
pressure wolVes on thcir own, reversibly inhibited the ACh response (Fig. 36A).
Complete r..'Covery was obtained within 20 min of the SST ejection. The SST-mediated
inhibition could be surmounted by doubling or tripling the duration of pressure pulse used
to eject "Ch (Fig. 36B). In contrast, following application of SST (0.1-0.3 pmol; Fig.
:nAl, the glutamate-evoked oesophageal response was enhanced. Enhanced
respollsiwncss to glutamate coincided wilh the SST-ACh antagonism (Fig. 37).
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Figure 35. Increased responsiveness to glutamate and depolarizing cUrTenl injection
induced by SST. Control responses with resting membrane potentials are shown on left;
middle and right records were taken after SST application at limes indicated. A:
glutamate pressure-ejections (6 proal; small arrowheads) evoke depolarization which is
enhanced following SST pulse (0.5 pmal; bold arrow). B: Adepolarizing CUrTent pulse
(lower trace) elicits 2 spikes during control but 3 spiko.:s following SST pulse. Note
decreased latency to first spike following SST. In the same cell a slight enhancement of
the glutamate response was observed (not illustrated).
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Figure 36. SST inhibits ACh-evoked activation of AMB, oesophagomotor
A: Continuous record showing monophasic non-propulsive oesophageal
contraction induced by pressure-ejection of ACh (20 pmal. small dots) into the AMB, al
intervals of 90 s. Pulses of SST (I pmal. star) delivered from adjacent barrel of UIC
pipette reversibly inhibit the ACh-induced responses without causing any change in
oesophageal basal pressure. In this and the following two figures, the bottom tnlce
indicates marking pulses from the Picospritzer (PS). B: SST-ACh antagonism is
surmountable. SST (0.5 pmal) inhibits ACh 00 pmol)-evoked oesophagomotor response,
but this inhibition is surmounted by increasir.g pulse of ACh 10 40 pmol Oarger dot).
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Figure 37. SST inhibition of ACh-induced ocsophagomotor response coincides
with enhancement of response (0 glutamate. Glutamate (8 pmal. triangle) pressure-
ejected into the AMB, evokes ocsophagomolor responses similar to those induced by ACh
(A to C). The glutamate response is enhanced by both SST (A; J.S pmal. star) and ACh
(B; 20 pmal, dOl). C: SST augments glutamate re~ponse while inhibiting !.hal induced
by ACh.
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7.4. Discussion:
The results show thai SST is capable of differentially modulating excitatory inputs
to AMBo neurons, Le. SST reduces excitation of AMBo neurons evoked by ACh acting
at nicotinic cholinoceptors, while enhancing that produced by glutamate.
7.4.1 SST antagonizes ACh oJ AMB" nicotinic cholinoceptors
Persistence of the SST-ACh antagunism in the presence o(TIX or Mn2+ implies
a direct action at the level of the postsynaptic membrane. Since this antagonism
coincides with SST-glutamate synergism, SST might exert its inhibitory effect by
interacting with ACh at nicotinic receptors, rather than by reducing overall excitability.
TIle interaction between SST and ACh entails selective inhibition of an inward current,
a situation analogous to the recently described SST-ACh antagonism on chromaffin cells
(84). It is of interest to note that in CNS neurons under muscarinic choJinoceptor
control, SST increases the M-currcnt, a K+ current which is inhibited by activation of
muscarinic cholinoceptors (88,145,200). The common result in both these studies and
the present investigation is decreased responsiveness to cholinergic input. In view of the
failure of SST to inhibit glutamate-evoked AMBc excitation, the question arises as to
whether this peptide serves as an endogenous inhibitory modulator of Feuronal nicotinic
eholinoceptor-mediated cation channels, analogous to its proposed function as endogenous
'agonist' at the M-current channel (145,200).
The precise mechanism by which SST achieves this effect remains to be
elucidated. There are al least two possibilities. First, SST may interact with ACh
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directly at the nicotinic receptor. The dissimilarity bclwl-'Cn the polypeptide structure of
SST and known antagonists of ACh lit nicplinic feel'ploTS renders it unlikely IIl:!l ACh
and SST simply compete for the ACh llinding sileo '111C nicotinic rCl.:cJllor is however
known 10 contain mOTC than one binding sile (201). SST may cxcns its modulatory
effect via binding to one of the allosteric sites. Two allosteric sites "ppcar relevant. One
site is where local anaesthetics (147) achieve open c1mnncJ block. The other site binds
substance P (SP), which is IhoughllO enhance lhe mle of desensitization of the nicotinic
cholinoceptor (201). The present findings !.Ill 1101 permit identification of the sile OIl
which SST aCIS. However, the inability of ACh to excite neurons following SST ejcction
suggests that SST does not function as a usc-JepenJellt channel blocker. Interactiun at
an allosteric site remains an alternative and should be inve.~ligated further.
Second, it has recently become ,lpparcnl that not only vollagc-activaled channels.
but also ligand-gated channcls, such as EAA (23,66.199) iUld nicotinic (50,8 I ,82, 137)
receptor operated channels, arc modulated by second messengers. Thlls, SST Illay act
via a second messenger to modulate the nicolinic c1mnncl analugulls to the proposed
mechanism underlying tile Sp·ACh in\Cl<lctioll (174). Several second messengers
reportedl}' modulate the nicotinic cholinoccplor-gated channel (8J, J37). Among them,
cAMP- (82) and a protein kinase C-dependent phosphorylation ofnicolinic eholinoccplors
(50) hold particular interest. Both pathways have been shown to inhibit nicutinic
cholinoceplor-gated currents by increasing the rate of descnsiti1.ation via phosphoryMinn
oflhe receptor.
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7.4.2 SST enflances AMB. responsilltness to g!Ulamale
An intriguing aspect of the inhibitory effect of SST on the nicotinic cholinoceptor-
mediated response is its coincidence with enhancement of glutamate responsiveness. The
synergistic interaction between SST and glutamate is in accord with the concept that SST
plays an importanl role in NTSc-AMB, synaptic transmission (Chapter 5). The
requirement of SST for expression of the NMDA-mediated component of the EPSP
prompts the assumption that this peptide may selectively interact wilh NMDA receptors.
However, an involvement of non-NMDA receptors can not be excluded since facilitation
of the NMDA component could be secondary to an enhancement of the non-NMDA
component, providing of course, that SST enhances the response of non-NMDA
receptors.
The present study does not provide definitive evidence with regard to mechanisms
underlying the SST-glutamate interaction. In addition to an allosreric interaction at the
NMDA receptor cation channel complex, SST may enhance glutamate responsiveness by
activating a second messenger. Second messenger-mediated enhancements of EAA
receptor-gated currents have recently been suggested. Specifically, the NMDA current
may be subject to enhancement mediated by activation of protein kinase C (23), whereas
non-NMDA currents are enhanced via a cAMP-dependent mechanism (66,199). It is
particularly interesting that, as noted above, the nicotinic cholinoceptor-gated current is
SUbjl.:ct to a protein kinase C- and a cAMP-mediated inhibition (50,82,137). The
question arises as to whether SST exerts its differential action in modulating nicotinic
cholinoceptors and EAA receptors via activation of a common intracellular second
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messenger. Although plausible, at prestr.t this is no more than a conjccture.
7.4.3 Diff~nntitJI moduliJJion of uciJaJory inputs 10 the A.MB~ 11, SST
General thought on postsynapl:ic modulation is dominated by the idL'a lh'll
modulators alter neuronal activity by modifying characteristics of voltage-gated channels
(116) and consequently, alter membrane condUClat1ce of soma or dendrites. Such
modulation would be relatively non-selective for incoming synaptic events on ncarby
regions of the membrane. In conlrnsl, the prescnt findings reveal that SST cxcns a
differential action in modulating nicotinic cholinoccptor- and EA"'nlcdialcd cxcil.llory
inputs. This suggests a dirfcrent model of modulating synaptic inputs by mCllialor
released from terminals. In this model, a modulator need not necessarily chansc the
excitability of the cell 10 all synaptic inputs, but may inhibit synaptic action by one
chemical mediator while leaving unaffected or even enhancing that of another. This kind
of postsynaptic modulation provides a potentially important mechanism for selectively
controlling the efficacy of synaptic transmission and may have general applicability. It
is particularly significant for modulation of a neuronal network genel1lting rhythmic
motor activity. In one sense, such a network must be modulated or modified to provide
response flexibility in the face ofintemal and environmental demands. In another, the
network must ensure that parameters can be modulated without disrupting the network's
ability to operate. In the system studied, by differentially modulating cholinergic and
noncholinergic excitatory inputs to AMB, neurons, SST presumably plays a pivotal rotc
in fine-tuning the final ocsophagomOlor output at the motoneuronal level, thereby
ensuring the network generates the most appropriate output for the situation.
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7.4.4 AM8~ neurons shape oesophageal molor output
The present study has demonstrated that AMB, oesophageal motoneurons possess
complex transmitter-regulated membrane conductances. These, as well as intrinsic
electrical membrane properties such as poslinhibitory rebound (39), endow these neurons
with the ability to respond differentially and nonlinearly to synaptic inputs, thereby
permitting dynamic shaping of oesophageal rhythmic output al this "final common
pathway". It is clear now from results of the present study and others (109) that the
concept of vertebrate motoneurons as purely passively driven followers must be revised.
Instead. they should be considered as active participants involved in shaping and liming
molor behaviour. Perhaps it is not unreasonable to conclude that they constitute one of
intrinsic components of the NPG in generating basic motor rhythm.
Chapter Ei&ht
SUMMARY AND SYNTHESIS
The above investigations have furnished new insights into the central organization
of oesophageal peristalsis in the rat. The general objective of the analysis undcrtaken
was to define the NTS,-AMB. projection as the common premolar substrate responsible
for generating oesophageal peristaltic activity initiated within the eNS, Specific issues
studied encompass: (i) neurotransmitter mechanisms which operate at the level of
oesophageal premotoneurons to activate or inhibit the NTS,AMB, central
oesophagomotor pathway; (ii) the laterality of the NTS.-AMH, projcction; (iii) the
identity of the transmitters mediating synaptic transmission of this pathway and (iv)
neuromodulation of the NTS,-AMB, synaptic transmission at the AMB, motoneuronal
level.
The results of Ihis research are summarized as follows:
Solitarial GABAergic neurons acting at GABAA receptors serve multiple functions
in central deglutitive control,
2. SolitariaJ GABA neurons exen tonic inhibition on both the buccopharyngcal and
the oesophageal stage of swallowing by counteracting excitatory inputs impinging
via NMDA and muscarinic receptors on pharyngeal (NTS,) and oesophageal
(NTS.) premotoneurons, respectively.
3, Inhibition of soJitarial GABA neurons underlies the postulated central mechanism
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by which pharyngo·esophageal coupling is effected; conversely, activation of
these neurons is in part responsible for deglutitive inhibition of the oesophagus.
4. GADA" receptor blockade in NTS. leads to fictive secondary peristalsis which
depends on endogenous muscarinic cholinoceplor activity.
5. NTS. neurons are oesophageal premoloneurons. Activation of muscarinic
cholinoceptors associated with NTS, neurons projecting to the AMB. constitutes
the penultimate step in the generation of oesophageal peristalsis.
6. Unilateral muscarinic cholinoceptor~mediated activation of NTS, neurons is
functionally distributed 10 ipsilateral AMB. motoneurons and is capable by itself
of supporting oesophageal peristalsis. The apparent independence of each NPG
in the organization of oesophageal peristalsis suggests that extrinsic inputs from
outside the brainstem are required for coordination of the two NPGs so as to
produce bilateral synchronized rhythmic activity in oesophageal mOloneurons
during oesophageal peristalsis.
7. NTS, neurons projecting to the AMB, utilize a glutamate-like substance as
primary transmitter. The latter acts through both NMDA and non-NMDA
receptor subtypes to excite AMB. motoneurons.
8. Activation of the NMDA subtype contributes to the rising phase of the ambigual
EPSP and is necessary for spike generation, thereby playing a critical role in fast
information transfer in this central oesophagomolor pathway. These findings add
substantially to the growing body of evidence (or activation of NMDA receptors
under physiological conditions.
IS'
9, By pcrmilling expression of the NMDA-mcdiatcrJ component of Ihe ambigual
EPSP, SST functions as aco-lffinsmillcr in the celllntl ocsoph;\gomotor pathway.
This observation provides e"idence for ~plidc ]hlfticipation in ,Ill El'SP in the
mammalian eNS.
10. Glycine, via acting at a strychnine·resistant and non-NMDA sile, modul:l1CS co-
activation of this peptidcrgic and EAAcrgic input at AMB< neurons. The
physiological relevance of the glycine aclion reillains 10 be elucidated.
11. Oesophageal motonclifOns in the AMB,. nrc cnl!oWl'f.! with fUlicliOlml
cholinoceptors, which have pharlll""o[ogical and ckclrophysiulogic:l]
characteristics or neuronal nicolinic chulinoccplors. These l\.'Ccplors appear 10 he
activated by a propriobulbar cholinergic input originllting from the ZIRP region
and are involved in fine-tuning ocsoplmgolllolor output. 'rhe eX<lct mechanism by
which activation of the AMI), nicotinic cholinon:plors alters bolh Olmplitude ;md
frequency of oesophageal perisli'llsis, initialed from the NTS,. requires further
investigation_
12. SST postsynaptically reduces nicotinic eholinoceplor-Illediated excitatiull whereil.~
it enhances glutamate-evoked excit:\tiol1 of AMB, neurons. Ily difrerentially
modulating cholinergic and noncholinergic excilillory inputs 10 AMI!, neurons,
SST presumably plays iUl important role in modifying the firml ocsophagolllutor
output at the moloncuronal level. lhereby enllbling the network tu generdte the
most appropriate output.
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Operation of the bru.inslclII oesophageal NlfG:
U;lscd on information provided from the present investigation and olhers, it is
proposed thaI in tin: rat, there exists separate unilateral NPGs organizing oesophageal
peristalsis. Figure 38 depicts the proposed NPG circuit.
TIle NTS, contains principal components of the NPG, i.e. premotoneurons
involved in initiating and programming oesophageal peristalsis. These premoloneurons
rcc-civc: (i) two cholinergic inputs impinging on muscarinic cholinoceplors, which arise
from the ZIRP region and oesophageal afferents respectively and (ii) an inlrinsic
GABAcrgic input acting at GABA,.. receptors which originates from interneurons within
the NTS. Activation of muscarinic cholinoccplor is required for production ofoscillatory
activity in NTS, llcurons. whereas activation of GABA" receptor-mediated inhibition
prcvents these neurons from oscillating. Functional antagonism between these
cholinergic ~lnd CiAI3Aergic inputs m;IY occur at a pre- or postsynaptic level. Thus,
oesophageal peristu[sis, whether primary or secondary, is an "emergent" consequence of
interactions between the GABA" rcceptor·mediated inhibition and muscarinic
cholinoceptor-mcdiatc<.l excitation. The mode of operation of EAA-mediated excitatory
inputs from l>cripheral and central sourccs remains to be established.
Ccntml and peripheral ncuromodul:ltory inputs to the NTS, play important
instructivc roles in dctcrmining the mOIll~'nHo-mOment output of NTS, elements by
aUcring thesc excitatory and inhibitory synaptic interactions and intrinsic cellular
propertics of NTS, ncurons. For instancc, in the case of primary peristalsis. patterned
activity geJ1~'r;lfl'(l from thc buccoph:uyngeal premotoneurons in the NTS; is sufficient to
Figure 38. Schematic diagram of the proposed brainstem NPG for oesophageal
peristalsis in the rat. For clarity, neuronal modulatory inputs other than EAA-, GADA·
and cholinergic to NTS; and NTS. have been omitted. Note that thicker lines represent
connections supported by compelling evidence. TIle NTS. and AMBo are emphasized
since the present work focused on these nudei. Abbreviations: AMB" compact
formation of the nucleus ambiguus; NTS, nucleus tractus sol1tarii; NTS.. subnudcus
centralis of NTS; NTS io subnudeus intermedialis of NTS; TMP, tunica muscularis
propria of the oesophagus; ZIRP, zona intermedialis reticularis parvicellularis; ACh.
acetylcholine; m·ACh-R, muscarinic cholinoceptor; n-ACh·R, nicotinic cholinoccplor;
BAA, excitatory amino acid; NMDA-R, N-melhyl·D·aspartate receptor; non-NMDA-R,
non-NMDA receptor; GABA, gamma-aminobutyricacid; GABA...·R, GABA-A receptor;
GLY, glycine; ENK, enkephalin; ENK-R, ENK receptor; SST, somatostatin; SST-]{,
SST receptor,
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activate both cholinergic neurons in ZIRP and solitarial GADA neurons projccting to
NTS., although activation of the latter presumably requires a higher oscillation rate of
the NTS;. Thus, when swallowing is elicited at a low rate, the cholinergic pathway is
predominantly activated, enabling oesophageal NTS, neurons to oscillate at a 1:1
coupling ratio with appropriate phase delay. At a high rale, the GABAergic pathway is
activated, resulting in deglutitivc inhibition of the oesophagus.
In the case of secondary peristalsis, afferent inpul initiates oscillation of NTS,
neurons via muscarinic cholinoceplorexcitalion or inhibition of GAllA" receptor activity,
thereby giving rise to oesophageal movements independent of buccopharyngcal activity.
Lack of phasic modulatory input to the NTS~ from the buccopharyngeal NPG may, at
least in part, contribute to the greater pallern variability of oesophageal movcmcnt
observed during .~econdary as opposed 10 primary peristalsis.
Rhythmic motor commands programmed by prcmotoneurons arc monosynaptically
conveyed. to ipsilaleral AMB, motoneurons by an array of chemical mediators. An EAA-
like substance acting through both NMDA and non·NMDA receptors has a dominate role
in mediating this NTS,-AMB, synaptic transmission. Activation of the NMDA reccptor
is required for functional information transfer in this central ocsophagomtur pilthway.
By its permissive action, SST functions as a co-transmitter or synergistic mediator of
EAA transmission. The former implies colocalization in the same terminal, the latter
release from a separate afferent terminal. In addition, enkcphalin is also prcscnt in this
pathway; its actions on AMB. neurons, however, remains unknown.
At least two other, non-soJitarial, inputs to the AMB. regulate NTS,-AMIl,
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transmission. GJycin~ acting at a strychnine·resistant and non-NMDA receptor-complex
site modulatcs the action of SST at the postsynaptic level, thereby inhibiting EAA-
mediated synaptic transmission. The origin of the glycine input remains to be
investigated. ACh originating from cholinergic neurons of the ZIRP acts at AMS.
postsynaptic nicotinic cholinoceptors La modify oesophageal motOT output during
oesophageal peristalsis. The exact mechanisms by which activation of these motoneuron
nicotinic cholinoceplors shapes the final oesophageal molor output and its physiological
significance remain to be established.
Multiple receptor-mediated membrane conductances conferon AMB, motoneurons
substantial flexibility with respect to their response to synaptic inputs. Therefore, the
AMBo motoneuron, combined with the diversity of neurochemical inputs impinging on
it, forms an important component of the NPG, actively shaping and timing the
oesophageal peristalsis.
Future direclions:
The presenl investigation has raised several imponanl issues which should be
addressed in fUlure studies. They are outlined below:
A. The NTSo contains clements intrinsic to the oesophageal NPG. Their proposed
functions and multiple messenger systems suggest that neurons in this nucleus are not
homogenous. Combined clectrophysiological, anatomical and immunohistochemical
studies will be required to categorize subpopuiations of NTS. neurons with respect to
their neuromessenger specificity, responses to afferent stimuli and efferent discharge
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patterns. It will be difficult \0 fully appreciate the organizational role of NTS, neurons
in the generation of oesophageal peristalsis without specific knowledge on how particular
categories of neurons within the nucleus function.
B. It can be assumed that at least onc subpopulalion of NTS, neurons has
pacemaker or conditional pacemaker properties which provide basic rhythms for a variety
of patterned oesophageal movements. Extensive electrophysiological studies arc nceded
to elucidate intrinsic membrane properties which contribute 10 the mylhmic bUTst
production in these neurons. Such studies would ultimately facilitate our understanding
of the manner in which such pacemakers are turned on and off by activation of
muscarinic cholinoceptors and GABA" receptors, respectively. There is also a nL'Cd for
further efforts to investigate interactions between muscarinic cholinoccptor-mcdiatcd
excitatory and GABA-mediated inhibitory processes at both pre- and postsynaptic levels.
C. Combination of ChAT-immunohistochemistry with two retrograde tracers
deposited in the NTS, and AMB., respectively, would be useful in detcrmining if
cholinergic inputs to these two nuclei originate from the same or different populations
of ChAT-IR neurons in the ZIRP regiQn. This is an issue whose TCSQlution c,," bl.!
expected to produce important clues 10 our understanding of the physiological role of
these ZIRP cholinergic elements in the central centrol of oesophageal motility.
D. Understanding the active role of AMB, motoncurons in generating
oesophageal peristalsis will ultimately require further information concerning lIle intrinsic
membrane properties of AMB, neurons and lIle diversity of neuromcdiators to which
these neurons are exposed. Combined whole-cell recording and neuropharmacological
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studies wuuld yield important insights into the mechanisms by which oesophageal motor
oulPUI is further fine-tunet! at this tinal common pathway.
E. Although the NPG operate without sensory input, bolh ongoing primary and
secondary peristalsis is strongly affected by such input. How sensory feedback interacts
with the NPG, liS in other rhythmic Illolor systems, has not yet been established.
Spt'Cilit: <luestions with respect to sensor}' inputs Iiliscd by the present work are: (i) does
the .~nsory 5i1:I1<11 function as ,j physiological trigger for the oesophageal NPG through
inhibiting solitarial GABA neUTons which lonicnlly suppress NTS, neurons? (ii) do
oesophageal "rfcrcnts u\ilizll Aell as transmitter and thereby initiatesccondary peristalsis?
(iii) is sensory input organizcd to coordimllc aClivity of the two unilateral NPGs during
ongoing peristalsis'! As Ihese questions 'Ire answered. the role of scnsory input would
he clarilied with respect to how such activity is imcgrated with the NPG to form a
complete pattern gcnemlor circlIi!. ThllS, specifying the role of sensory inputs in the
geller;llilln and nmilucnance of oesophageal peristalsis is c1carly an important direction
for future research.
As ;\{!vallccs arc nmdc on 'Ill of these rronts, a morc coherent picture will emerge
of the ~'elllmi orgilniz;llion or ocsoplmgcal pcristulsis.
,.7
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